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PREFACE 


This report documents i.he second phase of 0 three-phase program that is 
a joint effort by Spectrolab and Hughes Aircraft Company. In Phase 1 
an analytical model was developed which enabled the prediction of per- 
formance of various encapsulation designs. Models relating to the 
thermal, optical, structural, and electrical performance were developed. 
Using this analytical method the most cost effective module design can 
be found. 

The objective of the second phase was to verify the models by testing 
modules and coupons. The models may then be modified as necessary to 
bring predicted and empirically found results into agreement. Addi- 
tionally, full-size modules of the most cost effective design will be 
built and put through the JPt qualification test sequence. 

During the third phase Spectrolab will finalize the low cost design and 
deliver the design to OPE. 

Phase two testing is reported in this document. Full size modules 
have not yet been built. 
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1.0 SUMMARY 


The lest data reported herein and the correlations of these data with the optical, electrical 
isolation, structural, and thermal models developed during Phase 1 of the program [3J* led to the 
following conclusions regarding analytical model verification and module performance: 

1, Optical Test 

• The utility of the optical model has been verified. This model was used to predict cell 
electrical power output within 25 percent of the measured pwer output, 

• The optical model underpredicted cell power output for both xenon and tungsten 
illumination sources. This error was probably due to the assumption of a perfectly 
smooth surface for an etched cell, As a result, the reflectance at the cell/pottant 
interface was overestimated, 

• There was better agreement between test data and analytical prediction for the xenon 
source than for the tungsten source, 

• Agreement between test data and analytical predictions was best for AR-coated and/ 
or texturized cells. 

2, Electrical Isolation Test 

• The utility of the series capacitance model has been verified. This model was able to 
predict breakdown voltages between the maximum and minimum breakdown voltages 
measured during the test, 

• The model overpredicts the dependence of encapsulation system breakdown voltage on 
pottant thickness, 

• All electrical failures occurred at the edges of the simulated solar cells in the test 
specimens, No failures could be attributed to the presence of bubbles in the pottant. 

• Inclusion of Crancglas in the pottant slightly increases the electrical isolation capa- 
bility of the encapsulation system, 

3, Thermal Structural Test 

• Data from this test were of limited value due to instrumentation problems and failure 
to achieve steady-state conditions, 

• Strain attenuation in EVA was observed (as predicted) but quantitative correlation 
was not possible. EVA was a poor choice of pottant for verification of the analytical 
model. A limited retest is recommended with a pottant modulus of elasticity greater 
than 2 X 10 4 psi, 

4, Structural Deflection Test 

• The utility of the structural deflection model has been verified. Deflections measured 
at the center of each module agreed to within 10 percent of the predicted deflections for 
all but the steel substrate module, Measured cell stresses agreed to within 10 percent 
of the predicted cell stresses for plain wood substrate modules. 


Numbers in brackets designate references at the end of this report. 



• Measured cell stresses were approximately 50 percent lower than those predicted for 
both glass superstrate and steel substrate modules. The structural “membrane effect” 
in the module load-bearing r sember, which was not taken into account in the model, is 
thought to be responsible for these results. Further consultation with JPL structural 
analysts is recommended to confirm this hypothesis. 

• No cells were cracked during performance of the test, 

• Ribbed wood substrate modules require careful design to minimize stress concentra- 
tions at the rib ends, One way to overcome this stress concentration problem is to 
support the rib ends as well as the module edges. 

5, Thermal Test 

• The thermal model overpredicts cell temperature somewhat. This overprediction was 
due mainly to uncertainties in the air flow pattern around the test modules, uncertain- 
ties in the distribution of incident radiant energy flux in the plain of the modules, a 
suspected lateral temperature gradient in the glass front panel of the test set-up, and 
uncertainties in the assumed value of emissivity of the test chamber walls, Agreement 
between predictions and test data was best for those situations where the module had a 
high emissivity back cover. 

• Cell temperature is not significantly affected by pottant thickness. 

• The predicted trend of decreasing cell temperature with increasing module backside 
emissivity was confirmed. 

• Insulation of the backsides of the test modules lead to cell temperature increases 
ranging from 4.3°C to 15°C. 


* 
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2.0 INTRODUCTION 
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2, 1 OVERVIEW 

This report contains information on a scries of tests performed in support of Spcetrolab 
Letter Contract 79PM Y263-632 1/88774. These tests were part of a larger program concerned 
with the development of analytical tools for performing tradeoffs in the thermal, optical, 
structural, and electrical isolation design of encapsulation systems for flat-plate photovoltaic 
modules. The analytical methodology and computer programs were developed during Phase 1 of 
the program and are described in reference 3. Test verification of the analytical methodology was 
the objective of Phase 2 of the program and is the subject of this report. 

The role of the encapsulation system in a photovoltaic module is to package, protect, and 
support the solar cells and electrical interconnects of the module, Construction elements of a 
typical encapsulation system for the accomplishment of these goals are illustrated in Figure 2-1. 
As might be expected, the design of encapsulation systems requires tradeoffs between conflicting 
design requirements. For example, structural requirements favor a thick layer of pottant between 
the front cover and cells of a glass superstrate module; on the other hand, optical and thermal 
requirements favor a thin pottant layer for this type of module. In the past, design tradeoffs to 
satisfy these requirements have been carried out in a cut-and-dry fashion with resultant heavy 
investments in time and money. Development of analytical tools for the rational design of these 
construction elements was the objective of Phase 1 of the program. 



transparent outer cover 

TRANSPARENT POTTANT 
OPAQUE POTTANT 
STRUCTURAL SUBSTRATE 


TRANSPARENT STRUCTURAL 
SUPERSTRATE 

transparent pottant 

OPAQUE POTTANT 
BACK COVER 


Figure 2-1. Construction eiemonts of photovoltaic modules. 
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Two types of modules were investigated during both phases of the program; 

1, A superstrate module in which structural support is provided by a transparent load- 
bearing member on the sun side of the cells 

2, A substrate module in which structural support is provided by an opaque backing 
material behind (i.e, on the anti-sun side) the cells. 

The arrangement of construction elements for each module type is illustrated in Figure 2-1. 
Structural support for the cells is provided by the structural substrate in a substrate module and 
by the transparent superstrate in a superstrate module. The pottant protects the cells and the cell 
interconnects from the environment. The transparent superstrate in a superstrate module and the 
transparent front cover in a substrate module help protect the pottant by screening out some of 
the ultraviolet radiation in the solar spectrum. The superstrate and front cover also provide 
protection against soiling and abrasive action by win 1-blown sand and dirt, Sealing tape around 
the edges of the module prevents moisture infiltration into the pottant. The gasket cushions the 
module against shock due to rough handling and also permits the module to expand and contract 
during the daily heating and cooling cycle. The back cover on a superstrate module protects the 
pottant from the environment and, in certain cases, enhances module cooling. The edge frame is 
used to attach the module to an array, Placement of a module in a typical array field is illustrated 
in Figure 2-2. 



Figure 2-2, Module placement in an array field. 

The analyses performed during Phase 1 were for a 1,2-mcter square module using 10.2 cm 
(4-inch) square, 0.254 mm (0,010 inch) thick cells spaced 1.3 mm apart, as shown in Figure 2-3. 
Most of the analyses were performed for environments specified in references 7 and 8 (i.e, LSA 
module qualification requirements). For example, sizing of the structural support member of a 
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Fiflurn 2-3, Plan view of module showing cell arrangement, 

module was determined for a uniform, normal pressure load of 50 psf, This load corresponds to 
the pressure difference generated between the front and back surface of a module by a 100 mph 
wind. Thermal and optical calculations were performed for a wind velocity of 1 meter/sec 
parallel to the ground and for a module tilt (relative to the local horizontal) of 37 degrees, 

2,2 SCOPS 

Originally, Phase 2 was to consist of three distinct segments, as outlined in the Phase 2 Test 
Plan [9]: (1) verification tests, (2) overstress tests, and (3) qualification tests, The qualification 
tests were to be performed on full-scale (1,2 meter X 1,2 meter) modules with a full complement 
of 121 electrically-connected photovoltaic cells. Smaller specimens were to be vised for the 
verification and overstress tests. In June 1981, JPL assumed responsibility for performance of 
the qualification tests; hence material on qualification tests is not contained in this report. 

2,2,1 Verification Test 

The goal of the verification tests was to establish confidence in the analytical design 
methodologies developed during Phase I and to modify the analytical models wherever test data 
warranted such action. These tests were performed on specimens designed to permit the 
experimental measurement of important parameters such as cell temperature, cell stress, stress in 
the load-bearing member of a module, and electrical breakdown voltage. For these tests, 
environmental conditions were chosen to approximate, as closely as possible, the environmental 
conditions analyzed in Phase l. 


Five separate and independent tests comprised the verification test segment of the test plan. 

These tests were 

t. Optical test 

2. Electrical isolation test 

3. Thermal structural test 

4. Structural deflection test 

5. Thermal test 

Details of each test and data analyses are presented in Sections 3 through 7 of this report. 

2.2.2 Ovarstrttt TM » 

Overstress tests are those tests where the test specimens are subjected to an environment in 
excess of that for which the encapsulation system was designed. The purpose of these tests was to 
precipitate failures in the test specimens that ordinarily would not appear during short-term t 

qualification tests but might occur during long-time field exposure, 

In this program, overstress tests were treated as an extension of the thermal structural and 
structural deflection verification tests. In the thermal structural tests, the appropriate specimens 
were subjected to environment temperatures below the glass transition temperature of the 
pottant. In the structural deflection tests, the appropriate specimens were subjected to an 
increasing normal pressure load until catastrophic failure occurred or the load capacity of the test 
apparatus was reached. 

2.3 TEST CRITERIA 

This test program did not require a pass/fail criterion. However, from past experience and in 
the light of unknown factors described in Section 7 of reference 3, the following margins apply 
when comparing test data with pretest predictions: 


Data Item 

Criteria 

Cell Temperature 
Module Deflection 
Stress 

Power Output (Optical, 
Thermal Tests) 

± 10 percent of predicted value 
± 10 percent of predicted value 
± 25 percent of predicted value 
±25 percent of predicted value 
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2.4 RESPONSIBLE ENGINEERING AUTHORITY 

Each lest was performed under the direction of a responsible engineering authority (REA), 
who was responsible for all pretest preparations (including inputs to the test plan), pretest 
predictions, test monitoring, and posnest analysis. The REAs were: 


Test 

REA 

Optical 

J.F. Goaklcy (Hughes) 

Electrical Isolation 

A, Garcia (Spectrolab) 
C.P, Morning (Hughes) 

Structural Deflection 

L.B, Duncan (Hughes) 

Thermal Structural 

L.B. Duncan (Hughes) 

Thermal 

J.E. Coakley (Hughes) 


2,6 TEST LOCATIONS 

The verification and overstress tests were performed at the following locations: 


lest 

Locution 

Optical 

Sjrectrolab 

(Foothill Facility) 
12805 Foothill Blvd. 
Sylinar, GA 01342 

Electrical Isolation 

Spectrolab 
(Foothill Facility) 

Thermal Structural 

Hughes Aircraft Go. 
(Rodeo Rd. Facility) 
5001 Rodeo Blvd. 
Culver City, GA 00230 

Structural Deflection 

Hughes Aircraft Go. 
(Rodeo Rd. Facility) 

Thermal 

Hughes Aircraft Go. 

Bldg, R2 (Bally Chamber) 
2060 E, Imperial Hwy, 

El Segundo, GA 90245 




3.0 OPTICAL TEST 


3.1 TEST OBJECTIVE 

The objective of the optical verification test was to validate the optical analysis methodology 
developed during Phase 1 of the program. The verification process consisted of measuring the 
electrical power produced by several encapsulated cells and then comparing these measurements 
with the electric power outputs predicted (by the optical model) for these cells. 

3.2 TEST SPECIMENS 

Thirteen two-cell coupons, as designated in Table 3-1, were used as test specimens in the op- 
tical tests, The geometric layouts and dimensions of these specimens are illustrated in Fig- 
ure 3-1, The total thickness of each specimen was measured at several locations inside the 
perimeter of each cell, and test predictions were based on the average of these measured 
thicknesses, The back side of each cell was left bare so that good thermal contact could be made 
between the cell and the holding fixture. Test coupons OC-6 through OC-13 were fabricated in 
the configurations shown in Figures 3-1 f through 3-lm; each cell in these coupons was then cut 
out (before testing) to eliminate excess encapsulant around the edges of the cells. 

This series of coupons was selected to verify the accuracy of the model as well as the ability of 
the model to predict trends (i.e., changes in cell power output resulting from changes in the 
optical parameters of the encapsulation system). These trends can be evaluated by comparing the 
electrical outputs measured for each coupon. Such trends include: 

1 . Relative performance of single crystal silicon and polycrystalline silicon cells 

2. Effect of glass iron content for glass superstrate modules 

3. Effect of Craneglas in pottant on cell electrical output 

4. Effect of stipple-out versus stipple-in configuration for glass superstrate modules 

5. Relative performance of Korad and Tedlar as front cover materials for substrate modules 

6. Relative performance of texurized and non-texturized cells 

7. Effect of AR-coating on electrical output of texturized Gells 

8. Effect of pottant thickness on cell electrical output \ 

9. Relative performance of AR-coated and non AR-coated cells. 

3.3 TEST SET-UP 

Placement of a test coupon in the holding fixture of an illumination source is shown in Fig- 
ure 3-2. An actual coupon in the fixture is shown in Figure 3-3. Both tungsten and xenon 
illumination sources were used in these tests, and the holding fixtures were slightly different for 
these two pieces of equipment. 

Nameplate data for the equipment used in this test are found in Appendix A. 
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Figure 3-1 (continued). Optical tost coupons. 
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3 4 TEST CONDITIONS 

Ihe optical tests were performed at near-ambient temperature conditions I he temperatures 
of the cooling fixtures rammed fx-tween 28° and 2*>"(\ and measured cell temperatures ranged 
lietween 2*> and 35’('. 

I lie radiant energy flux of the illumination sources was set t»v means of standard photovol- 
taic « fils I he standard tells, as well as the procedure for setting the fluxes, are descrdied in Ap- 
|iendix A Radiant energx fluxes were set at 0.135 \V cm* and 0.100 \V t in' for the xenon and 
tungsten sources res|ieciively A pvranontetei (see item 2. Table A ■*, Appendix A) was used to 
check these flux settings Ihe standard cell and the pyranonteter readings were in agreement for 
the xenon source, but not for the tungsten source. The pyranonteter indicated that the total 
radian) energy flux was 0.22 \\ cm* for the tungsten source These results were expected since 
most of the energy in the xenon spectrum falls within the lesjtonse range of the cells, whereat 
most i if the energy in the tungsten sjtectrum does not. Beam uniformity is shown in Figure 3 4 
for the xenon source Information on !*eam uniformity for the tungsrn source was not available, 
but the uniformity ol this source was thought to be less than that of the xenon source. 

I he following parameters were measured for all cells and lx»th illumination sources: 

1 Open -circuit voltage before encapsulation 

2. t)pen-ur uit voltage after encapsulation 

3. Short-circuit current before encapsulation 

4 Short-circuit current after encapsulation 

5 (’.ell current at StM) mV before encapsulation 

(i Cell current at 5(H) mV alter encapsulation 
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Figure 3-4. Uniformity of xenon source beam arid outlines of test coupon cells. 


3.5 DATA ANALYSIS 
3.5. 1 f»*f Data Summary 

Measured values of the short circuit current (IJ, current at 500 mV (I Jfl0 ), and open circuit 
voltage (VJ) for each cell are listed in Table B-l of Appendix B, These parameters were 
measured in both the tungsten and xenon light sources before arid after encapsulation of each cell 
in its respective coupon. The ratios of electric current (I* and I 5 oo) measured after encapsulation 
divided by electric current measured before encapsulation are also listed in Table B-l. Since the 
current ratios form the basis for subsequent discussion of the test data, these ratios are listed in 
Table 3-2 as well, The maximum electrical power produced by each cell can be approximated by 
multiplying Ijoo by 0.5 volts. 

In all cases, values of V (>£) I*, and I 500 measured for the xenon source were greater than those 
measured for the tungsten source. This result was expected since lire xenon source provided more 
available energy, at wavelengths coincident with the spectral response (i.c,, power conversion 
efficiency versus wavelength) of silicon, for conversion to electricity. As shown in Figure 3-5, 
approximately 87 percent of the energy from the xenon source is available at wavelengths less 
than 1.2 pm, Conversely, only 35 percent of the energy from the tungsten source is available at 
wavelengths less than 1.2 pm. 

For coupons DC- 1 through OC-8 and OC-lt, I K and were generally greater for 
encapsulated cells than for bare (i.e. uncncapsulatcd) cells. These parameters renvjined essential- 
ly unchanged or decreased slightly after encapsulation for AR-coatcd and/or texturized cells 
(OC-9, 10, 12, 13). These results were expected since encapsulation makes bare silicon cells less 
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TABLE 3-2. OPTICAL TEST RESULTS 





Xsaoi 

TuagsUn 

Coupon 

Coupon Description 

Cell Nuaber 

L Ratio 

Iwo *•«•« 

Ik Ratio 

IjKi Ratio 

oc-t 

Low.fron glass (supple in) 

BC-II 

1,21 

0,83 

1,38 

0,93 


1 1 mil EVA 
single crystal cell 

BG-15 

1.31 

1.24 

1.47 

1,44 

OC-2 

Low-iron glass (supple in) 

A 

1.22 

(.28 

1,21 

1,24 


6 mil EVA 
polycrystailine cell 

AA 

1.25 

1.40 

1.19 

1.27 

OC-3 

High -iron glass 

BC-14 

1.13 

1.21 

1.23 

1.12 


14 mil EVA 
single crystal cell 

BC-9 

1.16 

1.14 

1.24 

1.17 

OC-4 

Low«iron glass (stipple in) 

BC-17 

1.32 

1.30 

1.44 

1,42 


13 mil EVA/Craneglas 
single crystal cell 

BC-18 

1.28 

1,23 

1.44 

1.36 

OC-5 

Low-iron glass (stipple out) 

BC-IO 

1.30 

1.28 

1.49 

1.44 


32 mil EVA/Craneglas 
lintle crystal cel) 

BC-13 

1.31 

1,29 

1.46 

1.44 

00^*6 

Korad 

1-16 

1,23 

1.23 

1.21 

1.21 


18 mil EVA 
single crystal ceil 

B-7 

1.10 

1,27 

1.07 

1.03 

OC-7 

Tedlar 

1-17 

1.22 

1.18 

1.35 

1.39 


18 mil EVA 
single crystal ceil 

1-18 

1.22 

1.16 

1,36 

1,36 

OC-8 

Tedlar 

1-7 

1.22 

1.33 

1.42 

1.39 


19 mil EVA/Craneglas 
single crystal ceil 

1-6 

1,23 

1,21 

1,41 

1.40 

OC-9 

Tedlar 

B-5 

1,00 

0.98 

1.01 

0.96 


18 mil EVA/Craneglas 
single crystal cell (AR-coated) 

B-14 

0.99 

1.01 

1.02 

0.98 

OC-IO 

Tedlar 

No, 15 

1.05 

1.03 

1.05 

1.05 


18 mil EVA/Cranegias 
single crystal ceil (texturized) 

No, 16 

1.05 

1.02 

1.04 

1.02 

OC-I! 

Tedlar 

1-4 

1,25 

1.24 

1.43 

1.45 


55 mil EVA 
single crystal ceil 

1-12 

1,22 

IJft 

1.42 

1.47 

OC-12 

Tedlar 

B-18 

0,93 

0,91 

0.97 

0.92 


17 mil EVA 

single crystal cell (AR-coated) 

B-19 

0.95 

0*3 

0.98 

0,93 

OC-13 

Tedlar 

No, 23 

0.98 

0,97 

0.98 

0.92 


21 mil EVA/Craneglas 
single crystal celt (AR-coated, 
texturized) 

No, 24 

0,99 

0.94 

0,99 

0,89 


Notes; 


\ H “ ihort-circuit current, ma 
2. Ijoo “ «ll current at 500 mv, ma 

i. Current ratios refer to current measured after encapsulation divided by current measured before encapsulation, 
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conversion efficiencies of silicon solar cells. 


reflective, thus pe;mitting more of the incident radiant energy to be converted to electricity. Since 
the AR-coated and texturized cells reflect little of the incident radiant energy, encapsulation of 
these cells has little or a slightly detrimental effect (due to absorption of the incident radiation in 
the encapsulation layers) on cell electrical output. Cell BC-1 1 of coupon OC-1 was cracked 
during measurement of the current at 500 mV, which resulted in low values of I»oo for both light 
sources. 


3,5.2 Otter iption of Analytic*! Model 

The three layer model developed in Section 5.3.2 of reference 3 is used as the basis for 
correlating analysis with test data. This model, shown in Figure 3-6, is an idealized representa- 
tion of radiant energy propagation through the front cover and pottant layers on the sun side of a 
photovoltaic cell. In addition to determining the maximum electric power generated by the cell, 


AIR 

SURFACE 1 
LAYER 1 

SURFACE 2 
LAYER 2 

CELL 



qi ■* Qj + 9j - 0 2 “ ^3 

q 2 « qj ♦ q£ - qj - Qg 
Qc * sjj “ q$ 


Figure 3-6. Optical model. 


1 
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this model is also used to determine the radiant energy absorbed as heat in the cell and the layers 
of the encapsulation system. The radiant energy flux incident on a surface is indicated by a 
superscript minus (— ) and the radiant energy flux leaving a surface is indicated by a superscript 
plus (+). Details for calculation of these fluxes are found in reference 3. The relations between 
the fluxes and the total radiant energy absorbed by the cell (q t ) and the radiant energy absorbed 
as heat in the layers of the encapsulation system (q, and q 2 ) are shown in Figure 3-6. At present, 
this model does not calculate electric current and voltage. 

The major parameters in this model are 

1. Front cover absorption coefficient, a, 

2. Pottant absorption coefficient, a 2 

3. Front cover index of refraction, n t 

4. Pottant index of refraction, n 2 

5. Cell index of refraction, n e 

6. Reflectivity at interface between cell and pottant, p c 

7. Reflectivity at interface between pottant and front cover, p 2 

8. Reflectivity at interface between air and front cover, pj 

9. Front cover thickness, t| 

10. Pottant thickness, t 2 

11. Spectral power conversion efficiency of the cell, C\ 

Items 1 and 2 are wavelength dependent, Items 6, 7, and 8 are wavelength dependent if anti- 
reflection (AR) coatings are present on either the cell, the front cover, or both the cell and front 
cover. The Fresnel equation (er 5-10, reference 3) for normal incidence was used to calculate 
the reflectivities of non AR-coated and non-texturized surfaces. Equation (5-22) of this refer- 
ence* was used to calculate the reflectivities of encapsulated, texturized silicon cells (p — 0.0096) 
and stippled glass (p ■* 0,05 facing in, p 0,048 facing out). The reflectivities of AR-coated 
Cells were calculated by means of eqs. (5-11, 12 and 13) of reference 3. For this test, all AR-coat- 
ings were assumed to be SiO (index of refraction “ 1.95) and optimized for an air/silicon 
interface with a minimum ■ rflectivity at 0.6 pm. 

The other required information for the model includes the spectrum of the illumination 
source and the spectral power-conversion efficiency of the cell. The spectra of the xenon and 
tungsten sources are shown in Figure 3-5. The spectral power conversion efficiency of the cell, 
C x , is not an easily measured parameter, and values of this parameter could not be found in the 
literature. However, curves of short-circuit current versus wavelength were readily available. 
These curve - * are determined for an incident radiant energy flux that is invariant with wave- 
length, and the results are reported in units of milliamps per milliwatt per cm 2 of incident radiant 
energy [6,12], Relative response curves (i.e. the short circuit current measured at wavelength X 
divided by the maximum value of the short-circuit current for all X) of typical single crystal and 
polycrystalline silicon cells are shown in Figure 3-7. 

A typical current versus voltage curve for a single-crystal silicon cell is shown in Figu: e 3-8. 
The maximum electric power generated by these cells occurs at approximately 0.5 volts. The 
curves of I* versus X and Ij«, versus X are assumed to be identical. Since the maximum power is 
given approximately by P m „ ss 0.5 Ijoo, the relative response curve can presumably be used in 
place of the spectral power conversion efficiency. 

* Note that this expression should read as pj = 0.05 + 0.95 p 
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3.S.3 Calculation Dataila 

The basic approach used in the optical model is to divide the illumination spectrum into a 
number of equal-energy intervals. Twenty equal-energy intervals were used in this correlation 
analysis; corresponding to these energy intervals are twenty wavelength bands of unequal size. 
The electric power generated by the cell is determined by means of the following relation 

P-A, V C M<Ul <3 - 1) 


where: 


A* " area of cell, cm 2 

Cxj " power conversion efficiency for energy interval i 

q t i « radiant energy flux in interval i absorbed by cell, watt/cm 2 

The power conversion efficiency, Cxi, is evaluated at the midpoint of each wavelength band. 
Values of qj, q 2 , and q c are calculated for each energy interval. 

Power conversion efficiencies varied somewhat between cells used in the test. To account for 
these variations, the maximum value of the spectral power conversion efficiency for an unencap- 
sulated cell used in the test was adjusted in the following manner: 

(3-2) 

Vt 

where: 


C MI ‘ ■* maximum value of spectral power conversion efficiency for cell to be tested 
C T .. ' “ maximum value of spectral power conversion efficiency for typical cell 
tj, *“ overall power conversion efficiency of actual cell 
t?, «■ overall power conversion efficiency of typical cell 
Here, 17 is defined as 


P 

Me 


(3-3) 


Values of C ^, 1 and rj, used in this analysis are listed in Table 3-3. The power conversion 
efficiency at any wavelength is then found by multiplying C,^* by the relative response shown in 
Figure 3-7. 


TABLE 3-3. VALUES OF C^' AND m FOR 
"TYPICAL" SINGLE CRYSTAL AND POLY- 
CRYSTALLINE SILICON CELLS 


Cell Type 

CJ 

1 ?. 

Single crystal 

Polycrystalline 
— — 1 

0.395 

0.183 

0.0831 

0.06 


\ 


4 


H 




3-14 




The overall power conversion efficiency of an actual cell, y„ was determined by means of the 
following relation for non-texturized and non AR-coated cells 


9 . 


0<5 I MO 

(1 - p c ) A c q, 


(3-4) 


where; 


Ijoo » cell current measured at 0,5 volts, amps 
p c “ reflectivity of cell surface 
qi~ ™ incident radiant energy flux on cell surface, watt/cm 2 

Since the reflectivity of AR-coated surfaces is wavelength dependent, the following modified form 
of Equation (3-4) was used to calculate if, for coupons OC-9, 12, and 13: 


_ °’ 5 Isoo (3-5) 

V» Jo ' ' 

A< 2 (i “ p « ) qu " 

i * l 

where p c i and qu" correspond to the reflectivity evaluated at the midpoint of wavelength band i 
and the incident radiant energy in that band respectively. 

The active areas o' the cells were 24.9 cm 2 for the 2.1 -inch square cells, 46.5 cm 2 for the 
two-inch X four-inch cells, and 18.8 cm 2 for the two-inch diameter cells. These areas allow for 
cell surface blockage by the black tape and metallization. 

Values of p c and relative cell efficiency (■‘Cv/C ,.,) are listed in Tables 3-4 and 3-5 for 
unencapsulated and encapsulated cells, respectively. This information is tabulated for each of the 
equal energy intervals for the xenon and tungsten sources. Values of y, for each cell used in the 
test are listed in Table 3-6. 

One prediction was made for each coupon to minimize computer time and labor. Average 
cover layer and pottant thicknesses used in these calculations are listed in Table 3-7, The power 
efficiencies used in the calculations corresponded to the average power efficiencies of the cell 
pairs used in each coupon. 

3.B.4 Results 

The measured and predicted electric power produced by the encapsulated cells are compared 
in Tables 3-8 and 3-9. Also included are measured and predicted ratios of cell output power 
after encapsulation to cell output power measured before encapsulation. The average electric 
power for the two cells of each coupon and the predicted electric power based on average 
properties (i.e. cell efficiency and encapsulation layer thicknesses) for each coupon are tabulated. 
These results are shown for both illumination sources. 

In ail cases, the average electric power predicted by the model was less than the average 
measured power. Agreement was best for the xenon source; the average discrepancy (as 
percentage of the measured value) was —7.4 percent for xenon and —13.1 percent for tungsten, 
The absolute values of the discrepancy ranged from —2.2 to —15.1 percent for xenon and from 
— 1.2 to —24.3 percent for tungsten. Agreement between measured and predicted powe; output 
was best for AR-coated and texturized cells; this agreement was best for the tungsten source. 
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TABLE 3-5. WAVELENGTH BANDS FOR ILLUMINATION SOURCES. CELL RELATIVE EFFICIENCIES. AND 

REFLECTIVITIES OF ENCAPSULATED AR-COATED CELLS 
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TABLE 3-6. POWER CONVERSION EFFICIENCY (tj.) OF BARE CELLS 
BEFORE INCORPORATION IN TEST COUPONS 


Coupon 

Cell No. 

Xenon Light Source 

Tungsten Light Source 

I so* A 

Power, W 

9. 

I*o, A 

Power, W 

V* 

OC-1 

BC-11 

0.561 

0.280 



0.225 

0.063 


BC-15 

0.577 

0.288 

BH 

0.454 

0.227 

0.063 

OC-2 

A 


0.253 

0.060 

0.367 

0.184 

0.027 


AA 

0.464 

0.232 

0.055 

0.345 

0.172 

0.025 

OC-3 

BC-14 

0.536 

0.268 

0.120 

0.469 

0.234 

0.065 


BC-9 

0.577 

0.288 

0.128 

0.466 

0.233 

0.065 

OC-4 

BC-17 

0.577 

0.288 

0.128 

0.472 

0.236 

0,066 


BC-18 

0.536 

0.268 

0.120 

0.431 

0.216 


OC-5 

BC-10 

0.574 

0.287 

0.128 

0,460 

0.230 

0.064 


BC-13 

0.564 

0.282 

0,126 

0.464 

0.232 

0,065 

OC-6 

1-16 

■Z&1 

0.275 

0.123 

0.502 

1 



B-7 

EH 

0.302 

0.135 

0.577 


1 

OG-7 

1=17 

0.552 

0.276 

0.123 

0.440 

0.220 

0.061 


1-18 

0.553 

0.277 

0.124 


0.218 

0.059 

OC-8 

1-7 


0.254 

0.113 

0.446 

0.223 

0.062 


1-6 

0.556 

0.278 

0.124 

0.435 

0.218 

0.061 

OC-9 

B-5 

0.762 

0.381 

0.124 

0.692 

0.346 

0.073 


B-14 



0.127 

0.705 

0.352 

0.074 

OC-IO 

No. 15 

0.578 

0.289 

0.125 

0.511 

0.256 



No. 16 

0.569 

0.285 

0.123 

0.503 

0.252 


OC-11 

1-4 

0.511 

0.256 

0.114 

0.411 


mm 


1-12 

0.542 

0.271 

0.121 

0.423 

0.212 

iSIll 

OC-12 

B-18 

0.786 

0.393 

0.128 

0.710 

0.355 

0.075 


B-19 


0.385 

0.126 

0.694 

0.347 

0,073 

OC-13 

No. 23 


0.285 

0.119 

0.505 


0.066 


No. 24 

0.609 

0.305 

0.128 

0.550 

0.275 



3-18 


























TABLE 3-7. AVERAGE COVER LAYER AND 
POTTANT THICKNESSES 


Coupon 

Cover Layer Thickness, inch 

Pottant Thickness, inch 

OC-1 

0.138 

0,011 

OC-2 

0.131 

0,006 

OC-3 

0.119 

0.014 

OC-4 

0,128 

0.013 

OC-5 

0.127 

0.022 

OC-6 

0.003 

0.018 

OC-7 

0.004 

0,018 

OC-8 

0.004 

0.019 

OC-9 

0.004 

0.018 

OC-IO 

0.004 

0,018 

OC-11 

0.004 

0.055 

OC-12 

0.004 

0.017 

OC-1 3 

0.004 

0.021 
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TABLE 3-8. COMPARISON OF MEASURED AND PREDICTED ELECTRIC POWER 
OUTPUT FOR XENON ILLUMINATION SOURCE 


Coupon 

Coupon Dncriplion 

Average Power (Measured)* 

Average Power (Calculated) 

U noncapsulated, W 

Encapsulated, W 

Ratio** 

Encapsulated, W 

E33I 

OC-I 

Low-iron glass (nipple in) 
tl mil EVA 
tingle crystal cell 

0.288 

(cell BC-15 only) 

0,358 

(cell BC-15 only) 

1,24 

0,328 

1.14 

OC-2 

Low-Iron glass (stipple in) 
6 mil EVA 
polycrystalllne cell 

0,242 


1,34 

0,276 

1.14 

OC 3 

High-iron glass 
14 mil EVA 
single crystal cell 

0,278 

0,326 

1,17 

0.3 

1.08 

OC-4 

Low-iron glass (stipple in) 
13 mil EVA/Craneglas 
single crystal cell 

0.278 

n 

1,27 

0.312 

1.12 

OC-5 

Low-iron glass (stipple out) 
22 mil EVA/Craneglas 
single crystal cell 

0,284 

0.366 

1.29 

0,314 

1.11 

OC-6 

Korad 

IR mil EVA 
single crystal ceil 

0,288 

0.360 

1.25 

mm 

1,08 

OC-7 

Tedlar 
18 mil EVA 
single crystal cell 

0,276 

0.324 

1.17 

0,308 

1,12 

OC-8 

Tedlar 

19 mil EVA/Craneglas 
tingle crystal cell 

0.266 

0,337 

1.27 

0,293 

1.10 

OC-9 

Tedlar 

1 8 mil EVA/Craneglas 
single crystal cell (AR-coated) 

0,386 

0.383 

0,99 

0.365 

0.95 

OC-IO 

Tedlar 

18 mil EVA/Craneglas 
single crystal cell (texturized) 

0,287 

0,294 

1,02 

0,273 

0,95 

OC-11 

Tedlar 
55 mil EVA 
single crystal cell 

0,264 

0.335 

1.27 

mm 

1,16 

OC-12 

Tedlar 
17 mil EVA 

tingle crystal cell (AR-coated) 

0.389 

0.358 

0.92 

0.350 

0,90 

OC-13 

Tedlar 

21 mil EVA/Craneglas 
single crystal cell (AR-coated, 
texturized) 

0.295 

0.281 

0.95 

0.260 

0.88 


‘Average for two celts of each coupon 

“Ratio “ power meaiured after encapsulation divided by power measured before encapsulation 
* Ratio - power predicted for cell after encapsulation divided by power meaiured before encaptulation 
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TABLE 3-9. COMPARISON OF MEASURED AND PREDICTED ELECTRIC POWER 
OUTPUT FOR TUNGSTEN ILLUMINATION SOURCE 


Coupon 

Coupon Description 

Average Power (Meanued)* 

Average Power (Calculated) 

Uacncapaulated, W 

Encapsulated, W 

latio" 

Encapsulated, W 

Raiiot 

OC-l 

Low- iron glut (nipple in) 
11 mil EVA 
tingle cryttai ceil 

0.227 

(cell DC- 15 only) 

0.326 

(cell BC- 15 only) 

1.44 

0.257 

1.13 

OC-2 

Low-Iron glass (nipple in) 
6 mil EVA 
polycryiulline cell 

0,179 

0.224 

1.23 

0,202 

1,13 

OC-3 

High-iron glau 
14 mil EVA 
tingle cryttai cell 

0,234 

0,268 

M 4 

0.235 

1,00 

OC-4 

Low-iron gian (stipple in) 
13 mil EVA/Craneglat 
tingle cryttai cell 

0,226 

0,314 

1.39 

0,255 

1,13 

OC-5 

Low-iron glatt (stipple out) 
22 mil EVA/Craneglat 
single cryttai cell 

0.231 

0.333 

1,44 

0.252 

1.09 

OC-6 

Korad 

18 mil EVA 
single crystal cell 

0.270 

0.300 

Lit 

0.285 

1.06 

OC-7 

Tedlar 
18 mil EVA 
single crystal cell 

0,219 

0.302 

1,38 

0,245 

M2 

OC-8 

Tedlar 

19 mil EVA/Craneglas 
single crystal cell 

0,221 

0.308 

1,39 

0,243 

1.10 

OC-9 

Tedlar 

18 mil EVA/Craneglas 
single crystal cell (AR-coated) 

0,350 

0,339 

0,97 

0,343 

0.98 

OC-IO 

Tedlar 

18 mil EVA/Craneglas 
single crystal cell (texturized) 

0.254 

0,262 

1.03 

0.245 

0.96 

OC-U 

Tedlar 
55 mil EVA 
single crystal cell 

0.217 

0,315 

1.45 

0.241 

1.11 

OC-l 2 

Tedlar 
17 mil EVA 

single crystal cel) (AR-coated) 

0,351 

0.325 

0.93 

0.329 

0,94 

OC-l 3 

Tedlar 

21 mil EVA/Craneglas 
single crystal cell (AR-coated, 
lexturized) 

0,264 

0.239 

0,90 

0.225 

0.85 


•Average for iwo cells of each coupon 

••Ratio ** power measured after encapsulation divided by power measured before encapsulation 
^Ratto — power predicted for cell after encapsulation divided by power measured before encapsulation 
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Since the beams of both illumination sources were not perfectly collimated, it was suspected 
that radiant energy reflected off those parts of the encapsulation system not covering the cell 
might give rise to a “light-concentrating" effect (i,e. the zero-depth concentrator phenomenon) 
and thus be a source of discrepancy between measured and predicted celt output power, To test 
this hypothesis, cardboard frames were cut such that only the cell of a coupon was illuminated. 
I mo was measured with and without the frame for each source. The current measured with the 
frame divided by the current measured without the frame is called the framing factor. Multiply- 
ing the average measured power in Tables 3-8 and 3-9 by the appropriate framing factors yields 
somewhat better agreement between predicted and measured cell power; these results are shown 
in Tables 3-10 and 3-1 i. These results indicate that “light concentration” within the encapsula- 
tion system was responsible for a no more than 2 percent increase in measured power output. 


TABLE 3-10. COMPARISON OF MEA8URED (WITH FRAME) AND PREDICTED 
ELECTRIC POWER OUTPUT FOR XENON ILLUMINATION SOURCE 


Coupon 

Coupon Description 

Framing Factor 

Average Power, Watt* 

Measured 

Calculated 

* 

r 

a 

a 

With Frame 


OC-I 

Low-iron glass (nipple in) 
11 mil EVA 
tingle crystal cell 

0.985 

0.358 



0,353 

0,328 

OC-3 

High-iron glass 
14 mii EVA 
single crystal cell 

0.988 

0,326 

0,322 

0,3 

OC-4 

Low-iron glass (stipple in) 
13 mil EVA/Craneglas 
single crystal cell 

0.97 

0.352 

0.341 

0,312 

OC-S 

Low-iron glass (stipple out) 
22 mil EVA/Craneglas 
single crystal cell 

0.98 

0.366 

0.359 

0.314 

OC-6 

Korad 
18 mil EVA 
single crystal cell 

1,0 

0.360 

0,360 

0,311 

OC-8 

Tedlar 
19 mil EVA 
single crystal cell 

0.996 

0,337 

0.336 

0.293 

OC-IO 

Tedlar 

18 mil EVA/Craneglas 
single crystal cell (texturized) 

0,995 

0,294 

0.293 

0.273 

oc-it 

Tedlar 
55 mil EVA 

single crystal ceil (AR-coated) 

0.97 

0.335 

0,325 

0.305 

OC-12 

Tedlar 
17 mil EVA 

single crystal cell (AR-coated) 

0.997 

0.358 

0.357 

0.350 

OC-I 3 

Tedlar 

21 mil EVA/Craneglas 
single crystal ceil (AR-coated, 
texturized) 

0,989 

0,281 

0.278 

0.260 
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TABLE 3-11, COMPARISON OF MEASURED (WITH FRAME) AND PREDICTED 
ELECTRIC POWER OUTPUT FOR TUNGSTEN ILLUMINATION SOURCE 


Coupon 

Coupon Description 

Framing Factor 

Average Power, Watt* 

Measured 

Calculated 

Without Frame 

With Frame 


OC-I 

Low-iron glass (nipple in) 
11 mil EVA 
single crystal cell 

0.986 

0.326 

0.321 

0.257 

OC-3 

High-iron glass 
14 mil EVA 
single crystal cell 

0.991 

0.268 

0.266 

0,235 

OC-4 

Low-iron glass (stipple in) 
13 mil EVA/Craneglas 
single crystal ceil 

0.982 

0.314 

0.308 

0.255 

OC-5 

Low-iron glass (stipple out) 
22 mil EVA/Craneglas 
single crystal ceil 

0,976 

0.333 

0,325 



0,252 

OC-6 

Korad 

18 mil EVA 
single crystal cell 

1.0 

0.300 

0.300 

0,285 

OC-8 

. 

Tedlar 
19 mil EVA 
single crystal cell 

0.988 

0.308 

0,304 

0,243 

OC-IO 

Tedlar 

10 mil EVA/Craneglas 
single crystal cell (texturized) 

0.997 

0.262 

0,261 

0,245 

oc-n 

Tedlar 
55 mil EVA 

single crystal cell (AR-coated) 

0.983 

0.315 

0,310 

0,241 

OC-12 

Tedlar 
17 mil EVA 

single crystal cell (AR-coated) 

0.997 

0.325 

0,324 

0.329 

OC-13 

Tedlar 

21 mil EVA/Craneglas 
single crystal cell (AR-coated, 
texturized) 

0.824 

0.239 

0.197 

0.225 


3.6 DISCUSSION 

The results in Tables 3-8 and 3-9 clearly show that the optical model underpredicts the 
output power from encapsulated cells. The fact that agreement between test and prediction is 
best for AR-coated and texturized cells coupled with the fact that etched cells were used in the 
coupons indicates that use of the Fresnel equation yielded too high a value for the reflectivity of 
the cell surfaces. Use of a lower value of reflectivity in the optical model would yield substantially 
better agreement between measured and predicted cell output power. 
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Other possible contributing factors to the discrepancy between prediction and measurement 
are non»uniform (lux in illumination sources and non-uniform pottant thickness above the cells. 
The importance of these factors was not determined, 

Part of the discrepancy for the tungsten source can be found in the calculation method. Use of 
equal-energy intervals gives rise to poor resolution of the cell response for this source, A larger 
number of intervals would overcome this problem, 

Since the efficiencies of the cells varied so much between coupons, it is best to use the power 
ratios listed in Tables 3-8 and 3-9 to discern trends. A comparison between ratios for coupons 
OC-1 and OC-4 indicates that the presence or absence of Craneglas in the pottant has little 
influence on cell power output, A comparison of ratios for coupons OC-4 and OC-5 shows that 
outward-facing or inward-facing stippling of low-iron glass superstates has little influence on 
cell power output, The negative effects of iron-content in glass superstates can be seen by 
comparing ratios for coupons OC-I and OC-3, A comparison of ratios for coupons OC-7 and 
OC-1 1 shows that a three-fold increase in pottant thickness yields only a slight change in cell 
power output, 

In summary, the test results have demonstrated the utility of the optical model to predict cell 
power output for a broad spectrum of optical parameters characteristic of encapsulation systems. 
The model consistently underpredicts cell output power, but this problem can be rectified by 
using more precisely known values of optical properties, such as reflectivity at the cell surface. 


* 
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4,0 ELECTRICAL ISOLATION TEST 


4 1 TEST OBJECTIVE 

A major design requirement for any photovoltaic module is that the encapsulation system be 
able to withstand at least 3000 volts DC before electrical breakdown, Thus, the objective of the 
electrical verification test was to assess the validity of the electrical isolation model used to 
determine material thicknesses of the encapsulation system to satisfy this requirement. To 
accomplish this objective, the breakdown vohage was measured for specially-designed coupons 
that employed simulated solar cells and different encapsulation schemes. Specific items to be 
investigated were 

1. Effect of Craneglas on breakdown voltage 

2. Effect of pottant thickness on breakdown voltage 

3. Electrical isolation capability of wood substrates. 

4,2 TEST SPECIMENS 

Four types of coupons (listed in Table 4-1) were used as test specimens. The geometric 
layouts and dimensions of the different coupon types are illustrated in Figure 4-1. Approxi- 
mately 25 of each coupon type were tested tc electrical breakdown (failure) of the encapsulation 
system. This quantity was deemed sufficient to permit a preliminary statistical analysis of the 
results. 


TABLE 4-1. SPECIMENS FOR ELECTRICAL ISOLATION VERIFICATION TESTS 


Type 

Front Side 

Back Side 

A 

0.004 in. Tedlar, 0,018 in. EVA 

0.018 in. EVA/CG, 0.001 in. Alum. Polyester 

B 

0.001 in. Tedlar, 0.018 in. EVA 

0.036 in. EVA/CG, 0.001 in. Alum. Polyester 

C 

0.001 in. Tedlar, 0.018 in. EVA 

0.018 in. EVA/CG, 0.125 in. Wood Product 

D 

0.001 in. Tedlar, 0,036 in. EVA/CG 

0.036 in. EVA/CG, 0.125 in. Wood Product 

Wood Product m Duron (U.S. Gypsum Co,) 

EVA “ Ethylene Vinyl Acetate 

EVA/CG ■* Ethylene Vinyl Acetate with Craneglas 

Alum. Polyester "* Aluminized Polyester 
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Figure 4-1. Electrical isolation test coupons; dimensions in inches. 
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4,3 TEST SET-UP 
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A hipot tester was used to determine the breakdown voltage of the encapsulation system on 
both the front and back sides of each specimen. The test set-up is illustrated in Figure 4-2. Test 
coupons were placed on the 3 X 3 X 1/2 inch aluminum block so that the block was centered 
over the copper electrode (i.e. the simulated solar cell). The edges of the aluminum block were 
rounded, which, combined with the central placement of the block over the copper electrode, 
served to minimize edge effects. The aluminum block was connected to ground, and, an electrical 
potential was applied to the copper electrode (via the copper contact) by means of the hipot tester. 



Figure 4-2. Test set-up for electrical isolation tests; dimensions in inches. 

4.4 TEST CONDITIONS 

The test coupons were conditioned at 72° F and 50 percent relative humidity for a minimum 
of 24 hours before test. The coupons were placed in the apparatus shown in Figure 4-2 and 
tested to failure immediately upon removal from the controlled temperature and humidity 
environment, Two tests were performed on each coupon (one for each side), 

During a test, the applied voltage was increased in 500-volt increments from zero volts to 
breakdown, The leakage current was measured at each voltage setting, A leakage current in 
excess of 5 mA was taken as the criterion for electrical breakdown of the encapsulation system. 
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4.5 DATA ANALYSIS 
4.5. 1 Taat Data Summary 

Results of the electrical isolation test are listed in Tables B-3 through B-6 of Appendix B, 
For purposes of analysis, the key results (maximum breakdown voltage, minimum breakdown 
voltage, and average breakdown voltage for each coupon type) are listed in Table 4-2. 


TABLE 4—2. SUMMARY OF ELECTRICAL ISOLATION TEST DATA 


Coupon 

Type 

Side 

Breakdown Voltage, kV 

Maximum 

Minimum 

Average 

A 

Front 

19 

10 

15.6 


Back 

11 

1 

6.8 

B 

Front 

19 

12 

15.2 


Back 

13 

5 

8.6 

C 

Front 

21 

5 

13.2 


Back 

25 

8 

22.3 

D 

Front (with Craneglas) 

25 

12 

18.1 


Front (without Craneglas) 

23 

10 

15.8 


Back 

25 

22 

24 


The LSA electrical isolation requirement of >3000 volts DC was met in nearly every case. 
Only four of coupon type A (back side) failed to meet this requirement. Voltage breakdown did 
not occur in the back side of four type C coupons, in the front side of one type D coupon, and in 
the back side of ten type D coupons. 

On the average, the breakdown voltages for the test specimens were in excess of 6000 volts. 
This result was expected, as explained below. 

4.5.2 Corralation with Analytical Modal 

The series capacitance model (see reference 3, Section 4.2.2) is used as the basis of correlating 
analysis with test data. This model is illustrated in Figure 4-3 for each of the test specimens. For 
ease of discussion, EVA and EVA containing Graneglas will be referred to as the pottant; 
Tedlar, wood product, and aluminized polyester film will be referred to as covers. 

When an electrical potential difference is applied across the encapsulation system, electric 
fields are generated within the pottant and cover layers. As the applied voltage is increased, these 
electric fields increase until the electric field in one of the layers exceeds the dielectric strength of 
the material. At this point, the layer breaks down electrically (in effect, becoming a conductor), 
and the entire potential difference (voltage) is thus imposed across the second layer. This sudden 
increase in voltage leads to a sharp increase in the electric field in the second layer. If the 
dielectric strength of the second layer is exceeded, complete breakdown of the encapsulation 
system occurs. If the dielectric strength of the second layer is not exceeded, the external voltage 
must be increased further to cause breakdown. 
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Figure 4-3, Series-capacitance analytical models for electrical isolation test specimens. 
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The series capacitance model is a simple one-dimensional idealization of the encapsulation 
system in which the internal electric field is assumed to be uniform in each layer. For the cover 
and pottant layers, this model yields the following relations for the corresponding electric fields: 



where: 

E. “ electric field in the cover layer, volt/mil 
E p electric field in the pottant layer, volt/mil 
V 0 “ electrical potential across encapsulation system, volt 
t c m cover layer thickness, mil 
t p ™ pottant thickness, mil 
y p “ pottant dielectric constant 
7 C ■* cover layer dielectric constant 

Values of dielectric constant and dielectric strength are listed in Table 4-3 for the materials 
used in the test coupons. The properties of EVA and EVA/Craneglas are assumed to be 
identical. These properties were obtained from several literature sources, and the environmental 
conditions (i.e. temperature and humidity among others) varied from source to source. Hence, the 
best that can be predicted is a maximum and a minimum breakdown voltage for the two sides of 
each coupon type. 


TABLE 4-3. ELECTRICAL PROPERTIES FOR EVA. 
TEDLAR, AND WOOD 


Material 

Dielectric Constant 

Dielectric Strength, 
volt/mil 

EVA 

2J-3.2 

620 

Tedlar 

7. 4-9. 9 

1700-3500 

Wood Product 

2.1 

175 


For ease of discussion, the simplest situations (coupon A back side and coupon B back side) 
will be dealt with first. In these cases, the 0.0005 inch thick layer of polyester is assumed to con- 
tribute nothing to the electrical isolation capability of the encapsulation system. Therefore, the 
entire potential difference is presumably imposed across the pottant (EVA). Here, the maximum 
potential difference that can be withstood by the pottant is 

V 0 - S p t p (4-3) 


t 
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where $,, is the dielectric strength of the pottant. The corresponding values of V 0 at breakdown 
are then found to be: 

\\ « 620 X <8 - 11,160 volt (Type A, back side) 

V„ - 620 X 36 - 22,320 volt (Type B, back side) 

Analysis of the back sides of coupons C and D is somewhat more involved. Here, the values 
of y^/y t vary from a minimum of 1.286 (** 2.7/2. 1) to a maximum of 1,523 (™ 3,2/2, 1). In 
both coupon types, the maximum potential difference that can be withstood by the wood is 21875 
volt (*■ 17$ X 125). The maximum potential differences that can be withstood by the EVA in 
coupons C and D are 11160 volts (— 620 X 18) and 22320 volts (— 620 X 36), respectively, 
The predicted, maximum breakdown voltage is found by substituting y^/y t m 1,286, 
t r “ 18, and t c ■* 125 into equations 4-1 and 4-2 to yield 


E c 


Vq _ V» 
1,286 X 125 +18 178.8 


125 + (18/1.286) 139 


(4-4) 

(4-5) 


for coupon type C, Now breakdown in a material occurs when the electric field in that material 
exceeds the dielectric strength. Substitution of S |( “ 620 volt/mil for E ( , and S c “ 175 volt/mil 
for E t into the above equations then yields two relations to evaluate the value of V 0 at which 
breakdown begins, It is clear that when V„ fe 24325 volt, the wood breaks down electrically and 
this voltage is then imposed across the EVA. Since this potential is greater than the maximum 
that can be withstood by the EVA (an 1 8-mil layer of EVA can withstand 11,160 volts), the 
entire encapsulation system fails electrically, The predicted, minimum breakdown voltage is 
found in a similar manner by substituting y lt /y t — 1.523 into Equations (4-1) and (4-2) 


V 

T a 


208.4 


(4-6) 


E 


< 


136.8 


(4-7) 


For this case, wood fails electrically when V 0 2: 23943 volts; this potential cannot be withstood 
by the EVA, and therefore the entire encapsulation system fails electrically. Thus, the maximum 
and minimum predicted breakdown voltages for the back side of a type C coupon are 24325 volts 
and 23943 volts, respectively. Using a similar line of reasoning, the predicted maximum and 
minimum breakdown voltages for the back side of a type D coupon are 26775 volts and 26008 
volts, respectively. 

The front sides of the coupons are the most complex situations to analyze because of the wide 
range in properties for Tedlar and EVA, Here, values of y^fy^ range from 0.273 (■* ? .7/9.9) to 
0.432 (— 3.2/7.4). The minimum and maximum potential differences that can be withstood by a 
0,001 -inch thick layer of Tedlar (coupon types B, C, and D) are 1700 vol.s and 3500 volts, 
respectively; for a 0.004-inch thick layer these minimum and maximum values increase to 6800 
volts and 14000 volts, respectively, 
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For coupon type A, the minimum value of V„ at which the pottant breaks down is found by 
substituting the minimum value of y ¥ /y t ( “ 0,273) into Equations (4-1) and (4-2) 


E,' 

E t 


V a 

19,1 

(4-8) 

V 

■ O 

70 

(4-9) 


Setting E p ■* S p ■» 620 in Equation (4-8), the minimum value of V 0 at which breakdown occurs 
in the pottant is 1 1 ,837 volts. The value of E t in the Tedlar cover just before the onset of 
breakdown in the pottant is found by substitution of V 0 determined from Equation (4-8) into 
Equation (4-9); this value of E c is 169 volt/mil, which is well below the minimum dielectric 
strength for Tedlar. However, once breakdown occurs in the pottant, the entire 11837-volt 
potential difference is imposed across the Tedlar and the corresponding value of E c is found by 
substituting V„ ■* 11837 into Equation (4-9) to yield E c *■ 2959 volt/mil, which is above the 
minimum breakdown voltage for Tedlar, Therefore, the predicted minimum value of V 0 at which 
breakdown is expected to occur in the front side of coupon type A is 1 1 837 volts. 

The maximum value of V„ which the encapsulation system is expected to withstand is found 
by substituting the maximum value of y v y c (■■ 0,432) into Equations (4-1) and (4-2) to give 



(4-10) 



(4-11) 


4 




Setting E p ■» S p — 620 in Equation (4-10) yields V 0 *“ 12231 volt; this is the applied voltage at 
which breakdown is predicted to occur in the pottant for y v /y c ■ 0.432, Substitution of this 
value of V„ into Equation (4-1 1) yields E t ■■ 3058 volt/mil, which is less than the maximum di- 
electric strength of Tedlar. Therefore, it is possible that breakdown can occur in the pottant 
while the encapsulation system remains electrically intact because the entire voltage can be 
withstood by the Tedlar. As mentioned previously, V„ must exceed 14000 volts before the 
0.001 -inch thick Tedlar cover will fail electrically. Thus, the front side encapsulation system of 
coupon type A can withstand a maximum potential difference of 14000 volts. 

A similar line of reasoning is used to evaluate the minimum and maximum values of V„ for 
the front side of coupon type* B, C, and D. The predicted and measured values of V 0 at 
breakdown are compared in Table 4-4. 
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TABLE 4-4. COMPARISON OF PREDICTED AND MEASURED 
VALUES OF V 0 AT BREAKDOWN 





V 0 at Breakdown, kV 




Measured 

Predicted 

Coupon Type 

Side 

Description 

Max 

Min 

Max 

Min 

A 

118581 

4 mil Tedlar, 18 mil EVA/CG* 

19 

10 

14 

11.8 


Q] 

18 mil EVA/CG, 1 mil A1 Polyester* 

11 

1 

11.2 

11.2 

B 


1 mil Tedlar, 18 mil EVA/CG 

19 

12 

11.4 

11.3 


Back 

36 mil EVA/CG, 1 mil Al Polyester 

13 

5 

22.3 

22.3 

C 

Front 

1 mil Tedlar, 18 mil EVA 

21 

5 

11.4 

11,3 


Back 

18 mil EVA/CG, 125 mil wood 

25 

8 

24.3 

23,9 

D1 

Front 

1 mil Tedlar, 36 mil EVA/CG 

25 

12 

22.6 

22,5 


Back 

36 mil EVA/CG, 125 mil wood 

25 

21 

26.8 

26.0 

D2 

Front 

1 mil Tedlar, 36 mil EVA 

23 

10 

22.6 

22.5 


Back 

36 mil EVA/CG, 125 mil wood 

25 

22 

26.8 

26.0 

• EVA/CG - EVA with Crineglas 
A1 Polyester “ Aluminized Polyester 






4.6 DISCUSSION 

The range of predicted and measured values of V„ for each coupon is plotted in Figures 4-4 
and 4-5. As shown in these figures, all coupons except four samples of coupon A backside passed 
the LSA 3000 volt breakdown requirement. 

The ranges of measured breakdown voltages were far greater than those predicted by 
substitution of material properties with known uncertainties in their values into the series 
capacitance model. The predicted breakdown voltage for the backsides of the four coupon types 
all fell in the high end of the range of measured breakdown voltages or outside the range 
altogether, In general, the predictions fell within the range of measured breakdown voltages. For 
those cases where the predictions fell outside the the ranges of the test results, only the 
predictions for the backside of coupon type B were substantially (i.e. more than 2000 volts) 
outside the ranges of the test results. 

Predictions for encapsulation schemes with thin (i.e. 18 mils) pottant layers fell in the middle 
to low end of the ranges of measured breakdown Voltage, The two exceptions to this observation 
are the backside of coupon type A and the backside of coupon type G. There is no readily 
apparent explanation for the backside of coupon type A. On the other hand, wood is part of the 
encapsulation scheme on the backside of coupon type G, and all encapsulation schemes with 
wood have predicted breakdown voltages either slightly above or in the high end of the ranges of 
measured breakdown voltages. 

A comparison of the test results for the front sides of coupon types A and B indicates that, for 
an 18 mil layer of EVA, the thickness of the front cover does not significantly influence the 
breakdown voltage of the encapsulation system. For both cases, the model predicted breakdown 
voltages in the low end of the ranges of test results and also predicted a slight decrease in 
breakdown voltage as the front cover thickness was decreased. 
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Figure 4-4. Comparison of measured and predicted values of breakdown voltage for coupon types A. B, C and D 
(O — predicted maximum breakdown voltage, A— predicted minimum breakdown voltage). 
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Figure 4-5. Comparison of measured and predicted values of breakdown 
voltage for coupon type D without Craneglas in frontside pottant layer 
(0-— predicted maximum breakdown voltage, A — predicted minimum 
breakdown voltage}, 

Comparing the measured breakdown voltages for the frontsides of coupon types C and D, 
and the backsides of coupons A, B, C, and D indicates that doubling the pottant thickness does 
not double the measured breakdown voltage. The maximum measured breakdown voltage did 
not seem to be strongly dependent upon pottant thickness, but the minimum measured break- 
down voltage did increase somewhat with increased pottant thickness. Thus, it appears that the 
model overpredicts the change in breakdown voltage with changes in pottant thickness. Since the 
dielectric strength of a material is inversely proportional to the square root of the material 
thickness [1], this result was not unexpected. However, lack of sufficient data at the time of this 
test made it impossible to evaluate this effect on the prediction of breakdown voltage. 

The results for coupon type D indicate that the inclusion of Craneglas in the pottant slightly 
increases the electrical isolation capability of the encapsulation system. 

Post failure inspection of the coupons indicated that failures always occurred at the edges of 
the simulated solar cells, Even though bubbles were purposely allowed to form in the pottant 
layers above some of the simulated cells, no failures could be attributed to the presence of the 
bubbles. In addition, no special attention was paid to eliminating burrs at the cell edges. 

In summary, the test results have demonstrated the utility of the analytical model to predict 
breakdown voltages in the ranges of breakdown voltages measured for several different encapsu- 
lation schemes. The model overpredicts the changes in breakdown voltage with pottant thickness, 
but this can probably be rectified by modifying the model to account for the dependence of 
pottant dielectric strength on thickness. 
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5.0 THERMAL STRUCTURAL TEST 


5. 1 TEST OBJECTIVE 

The objective of the thermal structural test was to verify the analytical models used to predict 
solar cell stress due to temperature excursions, The verification process consisted of measuring 
the temperatures and mechanical strains in the cell and in the load-bearing member for a variety 
of encapsulation schemes and then comparing the measured strains with predicted strains for the 
following parameters; 

1, Thermal expansion coefficient of load-bearing member 

2, Pottant thickness 

3, Pottant modulus of elasticity, 

5.2 TEST SPECIMENS 

Twelve, one-cell coupons listed in Table 5-1 were used as test specimens for these tests, Two 
strain gages and two 30 gage copper/con^-man thermocouples, one each on the cell and on the 
load bearing member, were attached to the coupons to measure strain and temperature. Etched, 
polycrystalline silicon wafers were used instead of finished photovoltaic cells. In addition, a bare 
polycrystalline silicon ceil (3,93 inches square), a piece of low-iron glass (5.0 inches square), a 
piece of mild steel (5.0 inches square), and a piece of aluminum (5.0 inches square) were 
instrumented with strain gages and thermocouples to provide calibrations for the strain gages 
mounted on the coupons. A two-component epoxy phenolic adhesive (MB-610; Saber Enter- 
prises, Long Beach, CA) was used to bond the strain gages to the test coupons. Curing of the 
adhesive was performed for one hour at 150°C and then for two hours at 160°C. The geometric 
layouts and the constituent material thicknesses of the coupons are illustrated in Figure 5—1, 

Three different pottants were used in the fabrication of the coupons: 

1 EVA (ethylene vinyl acetate) — supplied by Springborn Laboratories (Enfield, CT) 

2, RTV-615 (a silicone rubber)— purchased from General Electric, Inc. (Waterford, NY) 

3, Z-2341 (Polyurethane) — supplied by Development Associates (North Kingston, RI), 

EVA was used in three coupons (TSG-1, 6, and 8), RTV-615 was used in five coupons (TSC-2, 
3, 7, 9, and 10), and polyurethane was used in four coupons (TSC-4, 5, 11, and 12). In coupons 
TSC-2, 3, 4, 5, 7, 9, 10, 11, and 12, thin silicon spacers (fabricated from reject solar cells) were 
placed between the cell and the load-bearing member in an attempt to control pottant thickness 
during the fabrication process, 

5.3 TEST SET-UP 

A small oven was used to provide the controlled thermal environment for the test specimens. 
This oven provides both low (i.e. below ambient) and high temperature (i.e. above ambient) test 
conditions. Due to the small size of the oven, only three specimens could be tested simultaneously. 
A copper/constantan thermocouple was used to monitor the air temperature inside the oven. 
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Kigure 5-1, Thermal structural test coupons: dimensions in inches. 


5-3 




5-4 


ORIGINAL PAGS !S 
OF POOR QUALITY 





AV<3 TOTAL THICKNESS - 0,107 

POLYCRYSTALLINB SILICON 
SPACERS | 0.016 thick JBARE TOP SURE ACE) 


W®h »■ 

■ ■Ml I Tp »Ll V ■ 


AVO TOTAL THICKNESS - Q,1 13 

„„ POLYCRYSTALLINE SILICON 




AVO TOTAL THICKNESS - 0.1 13 

I POLYCRYSTALLINE SILICON 

SPACERS I 0,016 THICK (BARE TOP SURPACE) 


f 'polyurethane 

MILD STEEL 0,066 THICK 
k, TSC-11 


AVO TOTAL THICKNESS - 0,117 

I POLYCRYSTALLINE SILICON 
SPACERS I 0,016 THICK (BARE TOP SURFACE) 


POLYURETHANE 


r ICK ' MILD STEEL 0.086 THICK 

SC* 11 I, TSC*12 

Fifluro 5-1, Thermal structural teat coupons (continued). 
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Test instrumentation is illustrated in Figure 5-2, The strain indicator (shown as item 10 in 
Figure 5-2) converted the resistance readings (ohms) from the strain gages to units of strain 
(microinchcs per inch). A potentiometer was used to measure the millivolt readings from the 
thermocouples; these readings were manually converted to temperature by consulting a voltage 
versus temperature table for copper/ constantan thermocouples. 



Figure 5-2. Instrumentation for thermal structural test, 

Placement of three typical test coupons in the oven is illustrated in Figure 5-3, and the oven 
and supporting instrumentation arc illustrated in Figure 5-4. Instrumentation nameplate data 
are found in Table A-2 of Appendix A. 

5.4 TEST CONDITIONS 
5.4. 1 Normal Taat Saquanca 

In the first scries of measurements, coupons TSC-2, 3, 4, 5, 7 , 9, 10, 11, and 12 were sub- 
jected to an environment where the air temperature in the oven was cycled through the following 
sequence: 

ambient-M0°C-^ 60-^80^ 100 -^80+60-MO-^ 20-M)-^ -20-^ 

— . 40-v —20- v 0 o C- v tunbient 

The temperature at each step was maintained for approximately five minutes to ensure 
temperature equalization between the test specimens and the air circulating in the oven. 

Strain measurements were first obtained for the plain glass, silicon, aluminum, and steel 
specimens, These “apparent strain 1 ’ measurements were used as a reference for subsequent strain 
measurements obtained with the test coupons. 
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Figure 5 3 Three typical test coupons placed in oven for thermal structural test 
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5,4,2 Overttraas Taat Saquanca 

In this series of measurements, coupons TSG-l, 6, and 8 were subjected to an environment 
where the air temperature in the oven was cycled through the following temperature sequence; 

ambient *40°(b->60 ^80 -H 00^ 120-H40-H 20^100^80^60^40-* 20->>0 
■ * — 20 -> ““ 40 “► — 60 ■*> — 40 * * — 20 -* 0 0 G -> ambient 

The temperature at each step in this sequence was maintained for approximately 5 minutes to 
ensure temperature equalization between test specimens and the air circulating in the oven, The 
lowest temperature of this sequence is approximately 20° G below the glass transition tempera- 
ture of ethylene vinyl acetate (EVA). 

As in the normal test sequence, the “apparent strain” measurements were obtained before 
obtaining strain measurements with the test coupons. 

ff.fi DATA ANALYSIS 
5,5, 1 Apparent Strain Data 

When strain gage ts bounded to a panel which undergoes a temperature excursion, a strain is 
induced in the gage even when the panel undergoes free expansion or contraction, Ideally, there 
should be no mechanical strain when the thermal expansion of the panel material is unre- 
strained, This “apparent strain” is caused by the different thermal expansion coefficients (i.c, 
“thermal mismatch”) of the gage, the adhesive, and the panel material The apparent strain is 
highly non-linear with respect to temperature and must be determined for each gage/ pane! 
combination at every temperature of interest. Strain gages arc selectively matched to the panel 
material to minimize the apparent strain. However, the apparent strain is zero (i.e, zeroed out by 
the strain indicator; see Figure 5-2) only at a single, arbitrary temperature (ambient temperature 
for this test) 

Strain measurements for plain silicon, ste-.), aluminum, and glass are plotted against 
temperature in Figure 5-5. Also plotted in this figure are the strain curves provided by the strain 
gage manufacturer. The following conclusions can be drawn from these data: (t) measured 
strains for the plain specimens are non-linear with respect to temperature, as expected; (2) the 
measured strains differ significantly from the manufacturer’s data; (3) the strains in the two axes 
differ significantly for each biaxial strain gage; and (4) the measured strains indicate the presence 
of significant hysteresis during the heating/cooling cycles of the test, The different strains along 
orthogonal axes may be due to thermal orthotropy (i.e, different properties for the two ortho- 
gonal directions) of the strain gages, of the coupon materials, or a combination of both the strain 
gages and coupon materials. The strain measurements were averaged for each temperature and 
subsequently adjusted such that the average measured strain versus temperature curve passes 
thru zero at 25 °G. The adjusted strain for a plain specimen is referred to as the “apparent 
strain”, 

When a test coupon is subjected to temperature excursions, the resultant strains consist of 
those due to thermal mismatch between the cell and substrate and the apparent strain. At each 
temperature, the apparent strain must be subtracted from the measured strain to determine the 
strains due only to the mismatch between the cell and the substrate materials. 


5-8 




Figure 5-5. Strain curves for plain silicon, steel, aluminum and glass. 






5,6.2 Taat Coupon Data 

Measured cell strains for test coupons with EVA, silicone, and polyurethane pottants are 
listed in Tables 5-2, 5-3, and 5-4 respectively. The biaxial strains measured by each strain gage 
were recorded on separate channels of the strain indicator, designated as sections 1 and 2. These 
data include apparent strains of the coupon materials, and for convenience the apparent strains 
for silicon at each temperature are listed in the tables. As with the plain silicon, aluminum, glass, 
and steel specimens, the strains measured on the coupons were adjusted to give zero strain at 
ambient temperature. 


TABLE B-2. MEASURED STRAINS IN SILICON CELLS FOR COUPONS WITH EVA 


Temperature, 

°C 

Measured Strain, /uin/inch 

Plain Silicon 

Alum. Substrate 

Glass Substrate 

Steel Substrate 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

-40 

-275 

-320 

-403 

-334 

-241 

-301 

-350 

-308 

-20 

-165 

-190 

-196 

-156 

-120 

-145 

-195 

-189 

0 

-75 

-100 

-97 

-74 

-55 

-63 

-110 

-118 

20 

0 

0 

0 

0 

0 

0 

0 

0 

40 

10 

25 

48 

50 

10 

26 

55 

69 

60 

20 

40 

44 

56 

15 

47 

66 

89 

80 

20 

50 

24 

57 

4 

49 

62 

*85 

100 

10 

50 

10 

54 

-18 

33 

73 

98 

Structural Index ™ 

ttsubatmte (E/tjpo,^, 

1240 

460 

453 

Pottant Thickness, 

mil 


15 

16 

19 

Coupon ID 



TSC-6 

TSC-1 

TSC-8 


The coupons are rank ordered with respect to a structural index, which is listed at the bottom 
of each column in the tables. This structural index, which is the product of the substrate* 
thermal expansion coefficient (a) and pottant modulus of elasticity (E) divided by the pottant 
thickness (t), indicates the expected ranking of each coupon with respect to cell strain. A high 
value of structural index indicates a high expected value for cell strain, etc. Room temperature 
material properties were used to determine the indices. Note that cell strain is not linear with 
respect to structural index; the indices are useful only to rank order the coupons with respect to 
cell strain. 


*The term substrate as used here means a flat panel of the same material used in the load-bearing member of a module. 
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TABLE 6-3, MEASURED STRAINS IN SILICON CELLS FOR COUPONS WITH SILICONE 


Meatureti Strain, ^in/inch 


Temperature, 

•c 

Plain Silicon 

Alum. Substrate 

Steel Substrate 

Glass Substrate 

Steel Substrate 

Glass Substrate 

Sec. 1 

Sec. 2 

Sec. 1 

See. 2 

Sec. 1 



Sec. 2 

Sec. 1 

Sec. 2 

Sec, 1 

Sec, 2 

-40 

-275 

-320 

-248 

-285 

-274 

-312 

-342 

-347 

-299 

-301 

-203 

-252 

-20 

— 165 

-190 

-145 

-172 

-165 

-195 

-194 

-197 

-190 

-202 

-108 

-139 

0 

-75 

-100 

-60 

-83 

-70 

-120 

-96 

-94 

-95 

-100 

-60 

-78 

20 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

40 

10 

25 

36 

69 

45 

34 

45 

55 

42 

52 

16 

21 

60 

20 

40 

50 

85 

40 

56 

75 


48 

58 

12 

40 

80 

20 

50 

26 

99 

25 

53 

86 

129 

33 

51 

-14 

45 

100 

10 

50 

12 

101 

13 

58 

tio 

170 

28 



64 

-28 

32 

Structural Index - n, (6 Oputtaai 

1544 

1080 

828 

486 

395 

I’oitam Thtekners, mil 


8 


5 


6 

11 

1 


Coupon ID 



TSC-7 

TSC-9 

TSG-2 

TSG-10 

TSC-J 


TABLE 5-4. MEASURED STRAINS IN SILICON CELLS FOR COUPONS WITH POLYURETHANE 



Measured Strain, ^in/inch 


Plain Silicon 

Glass Substrate 

.. . 

Steel Substrate 

Steel Substrate 

Glass Substrate 

Temperature, 

°C 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

Sec. 1 

Sec. 2 

-40 

-275 

“320 

NA 

NA 

“455 

-442 

NA 

NA 

NA 

NA 

-20 

-165 

“190 

NA 

NA 

-273 

-273 

NA 

NA 

NA 

NA 

0 

-75 

“100 

-65 

-76 

“100 

-100 

-65 

-86 

-60 

-67 

20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

40 

10 

25 

14 

36 

36 

30 

9 

47 

38 

37 

60 

20 

40 

22 

39 

29 

55 

11 

59 

40 

52 

80 

20 

50 

13 

48 

13 

56 

“16 

77 

37 

56 

100 

10 

50 

-6 

39 

1 

58 

“37 

67 

• 

43 

50 

Structural Index - (E/0p««a.t 

1021 

486 

356 

285 

Pottant Thickness, 

mil 


4 

11 

12 

5 

Coupon ID 



TSC-4 

.. . . 

TSC-11 

TSC-12 

TSC-5 
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The coupon strains are generally comparable in magnitude to the apparent strains. This 
means that the apparent strains are large compared to the strains resulting from the thermal 
mismatch between the cells, pottants, and substrates. In some cases the coupon strains are less 
than the apparent strains in absolute value. This result appears to contradict the expectation that 
a cell is in compression for temperatures below ambient (negative temperature excursions) and in 
tension for temperatures above ambient (positive temperature excursions). For example, in Table 
5-2 the strain in section 2 of coupon TSG-8 is —308 #iin/in at — 40°C, The apparent strain at 
— 40°C is —320 jiin/in, which implies that the cell is in tension. A possible explanation for this 
discrepancy is that the apparent strain is different for each silicon cell and thus different for each 
coupon. 

Another factor to consider is the accuracy of the strain gages and the measurement system. 
Metal foil, resistance-type strain gages are usually accurate to within ± 1 ^tnch/inch. When the 
entire strain measurement system, including gages, wires, amplifiers, and indicators is taken into 
account, the accuracy is estimated to be within ±5 percent of the measured value. Thus for a 
measured strain of 300 ^inch/inch, the estimated measurement error is ±15 ^inch/inch. 

5 . 5 . 3 Compariaon of Taat Raaulta with Analytical Pradicthna 

In Phase 1 of the program, the effects of different pottant and substrate combinations on cell 
stress were studied analytically by means of finite element models [3]. These models assumed 
temperature-invariant material properties and a linear relationship between stress and strain. 
The key results of the studies are 

1. The silicon cell is strained when there is a mismatch between the cell and the substrate 
thermal expansion coefficients, The cell is in compression for negative temperature 
excursions and in tension for positive temperature excursions. 

2. For the same pottant parameters (i.e. thickness and modulus of elasticity) the cell is most 
strained by an aluminum substrate, less so by a steel substrate, and least strained by a 
glass substrate. 

3. The cell strain is attenuated when the pottant is designed to accommodate the thermal 
mismatch between the cell and the substrate, In effect, when the pottant is made more 
flexible by decreasing the modulus of elasticity (or increasing pottant thickness in some 
cases), the cell strain decreases. Conversely, as the pottant is made stiffer by increasing the 
modulus of elasticity (or decreasing the thickness in some cases), the cell strain increases. 

To eliminate the influence of material property uncertainties, comparisons are made between 
coupons with the same substrate and pottant materials. Also the properties at — 40° C are 
probably the most reliable for predicting cell strain, because the pottants are stiffer at that 
temperature than at higher temperatures, Therefore, the cell strain due to thermal mismatch 
between cell, pottant, and substrate should be highest at that temperature. At elevated tempera- 
tures, the pottant moduli decrease, and the resultant cell strains decreased accordingly. 

In Table 5-2, which lists the results for coupons with EVA, none of the coupons have the 
same substrate material. However, coupon TSC-6 (aluminum substrate) was expected to have 
the highest cell strain, and this is so indicated by the data for — 40°G, On the other hand, coupon 
TSC-8 (steel substrate) exhibits higher cell strains at higher temperatures, assuming that the 
silicon cells for both coupons have the same apparent strain versus temperature relationship. 



In Tabic 5-3, comparisons can be drawn between the steel substrate coupons, TSC-9 and 
TSG-IO, and between the glass substrate coupons TSC-2 and TSC-3, TSC-9 was expected to 
exhibit a higher cell strain than TSC-10; however, at — 40°C the cell strains are about the same. 
As predicted, TSC-2 exhibits a higher cell strain than TSC-3, TSC-7, which has an aluminum 
substrate, was expected to exhibit higher cell strains than the other coupons with silicone pottant. 
However, the results indicate that the cell strain is relatively low in TSC-7, 

In Table 5-4, which is for coupons with polyurethane pottant, meaningful comparisons 
cannot be made because cell strains were measured for only one coupon at — 40°C, 

Analytical predictions were made for coupons TSC-1, 2, 7, and 9 using material properties 
evaluated at room temperature. The analytical predictions, the corresponding test results, and the 
structural indices are shown in Table 5-5, These results were determined by subtracting the 
apparent strains from the coupon strains and then averaging the results for sections I and 2 of the 
strain gages, The structural index ranking is consistent with the analytical predictions, and there 
is good agreement between analysis and test data for TSC-2, There is poor agreement between 
analysis and test data for coupons TSC-1, 7, and 9, 


TABLE 5-6. THERMAL STRUCTURAL TEST RESULTS AND ANLYSIS PRECITIONS 


Test Specimen 

Description 

Analytical Stress, 
psi at — 40°C 

Predicted** Strain, 
nin/in at — 40°C 

Measured Strain, 
nin/in at — 40°C 

S.I.* 

TSC-1 

Glass/EVA 

-462 

-27 

+27 

460 

TSC-2 

Glass/Silicone 

-762 

-45 

-47 

828 

TSC-7 

Alum./Silicone 

-3156 

-186 

+ 31 

1544 

TSC-9 

Steel/Silicone 

-1110 

-65 

+5 

1080 

• 5,1. “ Structural Index “ “wboiif 
•• Material properties evaluated at room temperature 


A cell strain of — 1 86 jdnch/inch was predicted for coupon TSC-7, The expected value of 
measured strain at — 40° C (including apparent strain) was about 500 ^inch/inch, The maxi- 
mum measurement inaccuracy was therefore expected to be about 25 /dnch/inch, However, since 
the measured coupon strain was about half the expected value, it is concluded that some factor, 
which remains unknown at present, other than the accuracy of measurement system must be 
influencing the test results, 

5.6 DISCUSSION 

Some correlation was seen between the test results and the trends predicted by analysis, In 
general, there was poor agreement between analysis and test. The factors which probably 
contributed most this lack of correlation were: (1) the large values of apparent strain compared to 
strain resulting from thermal mismatch, and (2) the accuracy of the strain measurement system. 
In some cases, the large apparent strains gave rise to expected cell strains (i.e, those strains due to 
thermal mismatch) comparable in magnitude to the inaccuracy of the measurement system. 
However, in the case of coupon TSC-7 (an aluminum substrate coupon), the expected strains 
were large but were twice the value of the measured strains; both the expected and measured 
strains were large compared to the inaccuracy of the measurement system, 
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Uncertainties in material properties also contributed to the discrepancies between analysis 
and test data. Properties that require verification are the thermal expansion coefficient of poly- 
crystalline silicon and pottant modulus of elasticity versus temperature. 

The trends predicted by the analytical model appear to be reasonable and conservative, but 
the test results are inconclusive with respect to verification of the analytical model. A limited 
retest with a “stiff* pottant is recommended; the modulus of this pottant should be greater than 
10* psi. 
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6.0 STRUCTURAL DEFLECTION TEST 


6. 1 TEST OBJECTIVE 

The objective of the structural deflection test was to verify the analytical models used to 
predict solar cell stress, load-bearing layer stress, and module deflection that result from a 
uniform pressure load on the module surface, The verification process consisted of measuring 
module deflection, stress in the solar cell, and stress in the load-bearing member for the following 
parameters: 

1. Pottant thickness 

2. Ribbed versus unribbed wood substrates 

3. Pottant modulus of elasticity 

4, Normal pressure load 

5, Cell location 

6, Load-bearing member material and thickness. 

6.2 TEST SPECIMENS 

Nine three-cell modules listed in Table 6-1 were used as specimens for these tests. The 
geometric layouts and the constituent material thicknesses for each module are illustrated in 
Figure 6-1. Etched, polycrystalline silicon wafers were used rather than finished photovoltaic 
cells. Three of these unfinished cells were bonded to each test module. A silicone pottant, RTV 
615, was used to bond the cells to the load-bearing members of modules SDM-1, SDM-2, and 
SDM-5 through SDM-9, Polyurethane was used to bond the cells to the load-bearing members 
of modules SDM-3 and SDM-4. Thin silicon spacers were inserted between the cells and the 
load-bearing member of each module in an attempt to control pottant thickness during the 
fabrication process. Two strain gages were associated with each cell position on a module; one 
strain gage was bonded to the bare surface of the cell, and the other was located opposite the cell 
and bonded to the anti cell side of the load-bearing member, The wood ribs on modules SDM-7 
and SDM-9 were bonded to the wood substrates with structural epoxy (Epiphen ER-825-A, 
Haven Industries, Inc,, Philadelphia, PA). 

The thickness of the load-bearing member for several test modules varied considerably, as 
shown in Figure 6-1. Here, thicknesses measured approximately two inches and 10 inches in 
from the edges of the module are shown in ellipses. 

Edge frame details are shown in Figure 6-2. Due to limited availability of materials, two 
four-foot lengths of each aluminum extrusion shown in this figure were used to protect the edges 
of a module during test. 

6.3 TEST SET-UP 

The fixture used to support a module during this test is shown in Figure 6-3, This fixture is 
about 48 inches square in horizontal cross-section and was fabricated from a surplus trash 
container. A four-foot square test module rests on four steel angle bars, which are bolted to the 
inside periphery of the container. A uniform pressure load is applied to the test module by filling 
the upper portion (i.e. above the test module) with water. The water is contained within a large 
plastic bag made of 6-mil thick polyethylene. The fixture is pivoted on one edge, and a load cell is 
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Figure 6-3. Test fixture for structural deflection test. 

used to determine the weight of the water, which is directly proportional to the pressure load on 
the test module, in the apparatus. The fixture with a module in place is shown in Figure 6-4. 

Instrumentation of the test apparatus is illustrated in Figure 6-5. The numbers shown in 
parentheses in this figure refer to equipment item numbers listed in Table A-3 of Appendix A. 

Test measurements consisted of total load (i.e. the weight of the water) on the module, 
module deflection at three locations, and strain gage resistance. Strain gage resistance was 
converted to units of strain (microinches per inch) by the strain indicator. Load versus deflection 
curves were generated by the X-Y plotter, which was connected to the load cell and the 
transducers at the center cell and mid-diagonal cell positions. A dial indicator was used to 
measure module deflection at the corner cell position. Ports cut into the side of the test fixture 
permitted access to the transducers and dial indicator. 
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Total load, module deflection at the three cell positions, and strain in the cell and load-bearing 
member at each cell location were measured at each pressure step, For modules SDM-I , 3, and 
4, the cells faced the bottom of the test fixture. For modules SDM-5 through SDM-9, tests were 
performed with the cells facing upward (i.e. the cells were on the water side), For module 
SDM-2, one test was performed for the cells facing upward, and another test was performed for 
the cells facing downward. 

6.4.2 Overatreta Test 

Iji the overstress test, modules SDM-6 and SDM-8 were cycled through the following 
pressure sequence 

0-^25^50-^75^ 100^75*-'- 50-^25-M) psf 

The cells faced upward during these tests. As in the normal tests, the total load, strains, and 
deflections were recorded for each pressure step. 

6.5 DATA ANALYSIS 


6,5, 1 Load-Bearing Layer Deflection and Strata 

Plots of load versus deflection for the test specimens are shown in Figures B-l through B-14 
of Appendix B. For purposes of discussion, Figures B-7 and B- 1 4 are presented in this section as 
Figures 6 ’6 and 6 7, respectively. Strains measured for the cells and load bearing member of 
each test specimen are listed in 'Fables B 28 through B-41. 

As expected, the ribbed wood modules (.8 DM 7 and SDM-9) were the only modules that 
deflected linearly with load; all other modules, including SDM-6 (plain wood), deflected 
nonlinearly with load. This behavior is shown in Figures 6-6 and 6-7, which are for modules 
vSDM 9 (ribbed wood) and .SDM-5 (plain wood), respectively. 

'Fhe apparent stiffness of the unribbed modules increases as the load and subsequent 
deflection increase. This behavior is due to “membrane action" (i.e. a spamvise stretching of the 
modules) and becomes a significant factor when the deflection exceeds one half of the module 
thickness. 'Fins nonlinear behavior causes the load-bearing member deflection and stress for a 
given load to be less than the deflection and stress predicted by linear theory [131 which does not 
account for membrane action, 

'Flic ribbed wood modules, on the other hand, exhibit linear behavior. This behavior was 
expected because the module deflections were less than one half of the thickness of an unribbed 
plate of equivalent stiffness. Note that SDM-7 failed at a load of 30 psf because of local stress 
concentrations in the module at die ends of the ribs, which were not supported by the test fixture. 
This failure is discussed in more detail in Section 6.6. 

Test data and analytical predictions for module deflection and stress in the load-bearing layer 
are summarized in 'Fable 6-2. Deflections are listed for the center of each module. The stresses 
for the glass superstate modules, SDM-I through SDM-4, are listed for the top corner surface. 
The stresses for the other test specimens, which are substrate module designs, arc listed for the 
bottom center surface, These deflection and stress locations were chosen to permit correlation 
with analysts predictions which were derived from curves developed by JPL [10]. The analysis 
predictions were based on an unsupported edge distance of 44 inches (the module length of 
46 inches minus a one-inch edge interface for the angle bar supports in the test fixture) and the 
average thicknesses listed in Table 6-2. Thickness for the glass and wood test specimens varied 
considerably, and at. least 10 thickness measurements were taken for each module to obtain the 
averages 
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The test results and analysis predictions for module deflection agree to within 10 percent for 
all modules except SDM-8, the steel substrate module, The analysis predictions for the glass 
superstrate modules are high by 4.6 to 9.2 percent The analysis predictions for the unribbed 
wood modules, SDM-5 and SDM-6, are low by 6.8 and 7.1 percent, respectively. The best 
agreement between analysis and test was exhibited by the ribbed wood specimen (SDM-9), 
which agreed to within 2.8 percent, 

The steel substrate module exhibited the greatest discrepancy between analysis and test; the 
analysis prediction was 1 6 percent higher than the test result, This result is surprising since the 
steel module was expected to correlate best with analysis predictions, The thickness of the steel 
was uniform and the modulus of elasticity of the steel should be about 29-30 X lO* psi as listed 
in the literature, 

Stresses were determined by substituting measured strains into the following equations 
(ref. 2, p. 424]: 





(«i + »«*) 


(6-1) 


o t “ («a + «i) (6-2) 

Here <r, and Oj are the principal stresses associated with the strains c ( and < 3 measured along 
perpendicular axes. Values for Poisson’s ratio, r, were 0.29, 0.30, 0,22, 0.29, and 0.40 for glass, 
steel, wood, silicon, and pottant, respectively, Poisson’s ratio for glass was assumed to equal that 
of silicon, 

The test results and analysis predictions for load bearing layer stress indicate much greater 
discrepancies than the deflection results. Except for the wood modules, the test results were lower 
than analysis predictions by 35 to 50 percent. The test results and predictions for SDM-2 agreed 
to within 7.6 percent. There was good correlation between analysis and test for the wood 
modules; the analysis predictions were low by 8,6 and 3.4 percent for SDM-5 and SDM-6, 
respectively. 

The relatively poor correlation between analysis and test for the glass superstrate specimens 
is not surprising, According to the previously cited JPL study [ref. 10], a high stress gradient 
exists at the corners of the modules where these comparisons were made. The analysis predic- 
tions were for the maximum principal stress at the top surface of the glass. It is quite possible 
that the strain gages were not located at the points of maximum stress. More extensive 
monitoring of the strain distributions in the vicinity of the corners of the specimens might reveal 
better correlation. 

The stress distributions at the bottom center of the modules, according to the JPL study, arc 
fairly uniform. Therefore, the strain gage location is not as critical for the substrate modules as it 
is for the glass superstrate modules, Consequently, the substrate specimens should show good 
agreement between analysis and test. The unribbed wood modules do show good correlation. 
However, the steel substrate specimen shows a discrepancy of 46 percent. The explanation for 
this is not apparent. 

6.S.2 Solar Call Strata 

The silicon cell strains and maximum principal stresses for a uniform 50 PSF normal load 
are listed in Table 6-3. For convenience, the module deflections are also listed. The following 
conclusions can be drawn from the data: 

1, Cell stress was highest for the unribbed wood substrate modules. 

2, Cell stress was lowest for the glass superstrate modules. 
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3. The cell stress for the steel module was higher than that of the glass modules, although 
the steel module deflection was less. 

4. With the exception of SDM-9, the maximum cell strains and load bearing layer strains 
occurred at the corner locations. This is a very significant result in that, for modules with 
nonlinear load versus deflection characteristics, the maximum cell strains occurred at the 
locations of maximum strains in the load bearing members, rather than in the centers of 
the modules, where the maximum deflection occurred. In the case of SDM-9, which was 
the only module with linear load versus deflection characteristics (excluding SDM-7 
which failed prematurely), the maximum cell strain also occurred at the location of 
maximum strain in the load bearing member. However, consistent with linear theory 
[13], the point of maximum strain and deflection occurred at the center of the load 
bearing member of SDM-9. 

5. The maximum cell stresses at 50 psf loading are well below the 8000 psi allowable stress 
for silicon established during Phase 1. 

These results were consistent with the Phase 1 analysis predictions. It should be noted that no 
cells were damaged during the tests. However, several cells, such as the corner cells of SDM-3 
and SDM-5 were cracked before testing, and the results for these modules should be considered 
suspect. There also appeared to be a high void fraction in the pottant for the glass superstate 
modules, Although it was impossible to inspect the pottant in the steel and wood substrate 
modules, the void fraction in the pottant was probably high in these modules as well. These 
factors may explain why the cell stress for SDM-1 was less than that for SDM-2, which 
contradicts the analytical predictions, A cracked cell may be the reason why the cell stress for 
SDM-5 is less than that for SDM-6, which, again, is contrary to the analytical predictions. 

The test results and analysis predictions for the ratio of load bearing layer strain to cell strain 
(at 50 psf loading) arc summarized in Table 6-4, Test specimens SDM-3 and SDM-5 were not 
analyzed and are therefore not included in the table, Clearly, the analysis predictions for the 
superstrate modules (SDM-1, 2, and 4) are iow by approximately a factor of two. Analysis 


TABLE 6-4. SUMMARY OF TEST RESULTS AND ANALYSIS 
PREDICTIONS OF THE RATIO OF LOAD BEARING 
LAYER STRAIN TO CELL STRAIN 



Ratio of Load Bearing Layer Strain 
to Silicon Cell Strain 

Test Module 

Test Results 

Analysis Prediction 

A, Percent 

SDM-1 

8.8 

4.2 

-110 

2 

10.7 

4,8 

-123 

4 

10,7 

4.8 

-123 

6 

5.4 

7.0 

+ 23 

8 

3.2 

3,4 

+ 6 

9 

6.2 

7.0 

+ 11 

_ Analym.Te,t 
Analysis 
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predictions for the substrate modules (SDM-6, 8, and 9) are high by 6 to 23 percent. This 
result suggests that the discrepancies are due to the effects of the membrane effect mentioned 
earlier and will be discussed in more detail in Section 6.6.2. This hypothesis is supported by test 
data. The superstrate module SDM-2 was tested with the glass side down as well as with the 
glass side up. Consistent with analysis predictions, the cell strain changed sign but 
had approximately the same magnitude in both cases. The average glass strain, however, was 
—320 fiin/fi with the glass side up and +133 n‘i n/in with the glass side down, This indicates a 
uniform compression of approximately —95 pin/in superimposed on a bending distribution of 
approximately +228 nin/in, When the SDM-2 measurements were adjusted for the uniform 
compressive strain, the discrepancy between analysis and test was reduced from — 123 percent to 
—81 percent. 

6.6 ‘ DISCUSSION 

6.6. 1 Load-6— ring Layar Datiaction and Strata 

The following conclusions can be drawn from the test and analysis comparisons made in 
Section 6.5: 

1. Consistent with analysis predictions, all unribbed specimens exhibited nonlinear load 
versus deflection characteristics and the ribbed specimen exhibited linear characteristics. 

2. The maximum deflections ranged from 0.37 inch for the ribbed wood panel to 1.42 inches 
for the unribbed wood panel. With the exception of the steel panel, the test results and 
analysis predictions agreed to within 10 percent. 

3. The glass superstrate stresses determined by test were about 40 percent lower than the 
analysis predictions. This result is not surprising since the strain gages were probably not 
located at the points of the maximum principal stresses to which the test results were 
compared. 

4. The wood substrate stresses compared well with analysis predictions. Here, the strain 
gages were located at the bottom center of the modules where the stress distribution is 
very uniform. 

5. The steel substrate results do not compare well with analysis predictions. The reasons for 
the large discrepancies are not apparent. 

6.6.2 Solar Call Strata 

The key results for silicon cell stress are 

1. No cells were damaged during the test and the maximum principal stresses were, well 
below the 8000 psi allowable stress. 

2. In every case, the maximum cell stress occurred at the location of the maximum stress in 
the load-bearing layer. For the modules with non-linear load versus deflection character- 
istics, the maximum stress occurred at the corner, rather than at the center, where the 
deflection was maximum. In the case of the ribbed wood module, the maximum stress in 
both the cell and the load bearing layer occurred at the center of the module, as expected. 
This suggests that the maximum cell stress is not directly related to deflection. 

3. The analysis predicts a smaller ratio of load-bearing layer strain to cell strain in the case 
of the superstrate panels. In effect, the analysis predicts higher cell stress than revealed by 
test. The opposite is true for substrate panels. This discrepancy is probably due to 
spanwise stretching effects in the load-bearing member. 
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As explained in the Phase 1 report [3], the relationship between cell strain and load-bearing 
layer strain for given pottant parameters was determined by means of a two-dimensional finite 
element analysis, An enforced displacement was applied to the load-bearing layer, and the 
resulting ratio between cell strain and load-bearing layer strain was determined. Two different 
enforced displacement functions were applied sequentially to the load-bearing layer. The 
displacement functions were 

a. An out-of-plane displacement which forced the load bearing layer to have a uniform 
curvature 

b. An in-plane stretching of the load bearing layer. 

The cell strain was found to be much more sensitive to the out-of-plane displacement 
function than to the in-plane stretching displacement. Accordingly, the out-of-plane displacement 
was used to develop the design curves which were presented in the Phase 1 report, 

When a module deflects under a pressure load applied to the top surface, bending stresses 
result, The lower surface of the module is in tension and the top surface is in compression. If the 
module deflection exceeds about one-half the thickness, spanwise stretching of the module causes 
a membrane tension stress in the central area of the module. When the edges of the module are 
not fixed in the in-plane directions, a compressive stress develops around the periphery of the 
module to equilibrate the membrane stress. This compressive stress at the edges would increase 
the bending compressive stress at the top surface and decrease the bending tension stress at the 
bottom surface, 

The cell and strain gage locations are shown in Figure 6-1 for both a superstate and a 
substrate module. At the corner of the modules, where the maximum cell stresses occurred, the 
measured compressive stresses at the top surface of the module would be higher than those due to 
bending alone. The measured tension stresses at the bottom surface of the substrate modules 
would be lower than those due to bending alone. 

The finite element analyses indicated that the cell stress was relatively insensitive to the 
membrane effects. Thus, for a superstrate module, the ratio of load-bearing-layer stress to cell 
stress would be larger than analysis predictions, and the opposite would be true for a substrate 
module. This was indeed demonstrated in the test results, 

6.6.3 Failura of Taat Spaciman SDM-7 

The ribbed-wood test specimen, SDM-7, failed at a load of approximately 30 psf. The 
failure occurred in the load-bearing member a. the ends of the ribs, as illustrated in Figure 6-8a, 
The failure occurred because the ends of the ribs were not supported by the test fixture. The 
edges of the module were supported by the test fixture, but the ribs terminated just short of the 
edge support. The location of the resultant stress concentration is shown in Figure 6-8b. In a 
ribbed module design, the majority of the applied load is transmitted to the edge supports by the 
ribs. When the ribs are not supported, the load in the ribs must transfer through the panel to the 
edge support, and a resultant spanwise tension stress is generated through the thickness of the 
panel. In this case, the resulting failure was delamination of the Wood in the spanwise direction, 
which is a weak direction for the wood product. When the ribs were directly supported by the 
test fixture, as illustrated in Figure 6-8c, the module sustained 50 psf loading without failure. 
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7.0 THERMAL TEST 


7.1 TEST OBJECTIVE 

The objective of the thermal test was to verify the analytical methodology and computer 
algorithms for computing solar cell temperature and electric power output, The main test goal 
was to confirm the influence of the module backside emissivity on cell temperature and the 
insensitivity of cell temperature to pottant thickness. The verification process involved measuring 
steady-state solar cell temperature and power output for a known radiative energy source and 
other well-defined environmental conditions, 

7.2 TEST SPECIMENS 

Four minimodules, as designated in Table 7-1, were used in these tests, Nine AR-coatcd, 
single-crystal silicon cells were used In each minimodule, These cells were two inches square and 
were encapsulated with EVA/Craneglas on the sun side and white pigmented EVA/Craneglas 
on the antisun side, One cell was centrally located in each minimodule and eight cells were 
symmetrically located around the periphery of the central cell, as shown in Figure 7-1. The cells 
were connected electrically to an external circuit so that electric power could be withdrawn from 
the minimodules, The eight peripheral cells were connected in series, but the central cell was 
connected to a different circuit, This arrangement was chosen to permit a symmetric temperature 
environment for the cells, while simultaneously permitting measurement of the electrical power 
produced by the central cell. 


TABLE 7-1. THERMAL VERIFICATION TEST SPECIMENS 


Module No. 

TM-1 

TM-2 

TM-3 

TM-4 

Load Bearing Member 

Low-Iron Glass 

Mild Steel 

Wood Product 

Wood Product 

Top Cover 

— 

Tedlar 

Tedlar 

Tedlar 

Back Cover 

Aluminized Polyester 

— 

— 

— 

Pottant Thickness, mil 

18 

18 

18 

36 


Each minimodule was mounted in an aluminum edge frame. The cross-sectional details of a 
typical frame were the same as those shown in Figure 6-2 for the structural deflection test 
specimens. 

As shown in Figure 7-2, thermocouples were located on the backside of the center cell of each 
minimodule, Thermocouples were also located cn the back cover of each module and on the 
backsides of edge cells in modules TM-1, TM-3, and TM-4. In addition, three thermocouples 
were attached to the edge frame of module TM-1, Thermocouples were attached to the edge cells 
to provide backup instrumentation in case of thermocouple breakage during module fabrication 
and during the test. A comparison between center cell and edge cell temperatures also permits an 
estimate of the lateral temperature gradient in a module. The thermocouple numbers shown in 
Figure 7-2 correspond to the individual channels of the data acquisition system described in 
Section 7,3,3, The backside emissivity of each module was changed (by application of black tape 
to obtain a high emissivity surface or by application of aluminized Mylar tape to obtain a low 
emissivity surface) during the test, 
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7,3 TEST SET-UP 


Fiflura 7 2. Thermocouple locations on test specimens, 


7.3. 1 General Considerations 

Results of the thermal analysis described in reference 3 indicate that the cell temperature is 
rather insensitive to pottant thickness and .moderately sensitive to module backside emissivitv. 
These results were calculated for an air speed of 1 meter/sec. Recent tests at JPL (4j have shown 
that cell temperature is very sensitive to wind speed, moderately sensitive to wind direction, and 
rather insensitive to ambient air temperature, 

The operational thermal environment is difficult to simulate in the laboratory. Those items 
most difficult to simulate are the sky background temperature, the airflow around the module, 
and the incident solar radiation. For the thermal test described herein, facilities were not 
conveniently available to provide a controlled air flow around the modules. In addition, no test 
facility is known to have a capability for simulating the sky background temperature. 

Though the operational thermal environment described in reference 3 could not be simulated, 
the dependence of cell temperature on pottant thickness and module backside emirsivity could be 
verified by a suitably designed test apparatus, Verification of the thermal model would therefore 
lie in the ability of the model to predict the cell temperature for the thermal conditions existing in 
the apparatus. 'Therefore the apparatus was designed to provide (I) a known convective cooling 
environment, (.7) a known thermal radiation environment, and (3) a radiant energy source of 
known spectrum and intensity, 

7.3.2 Equipment Layout and Instrumantation 

The thermal test was performed in the Bally test chamber located at the Hughes facility in El 
Segundo, California. The dimensions of this chamber (7 feet high X 7 feet wide X 15 feet long) 
are large enough to accommodate the radiant energy source, test specimens, and dedicated test in- 
strumentation, Enclosure of the entire test set-up provided a thermal radiation background 
environment with measurable boundary temperatures. 

Essential features of the test set-up arc illustrated in Figures 7-3 and 7-4. Quartz lamps 
served as the radiant energy source. These lamps were inserted in three holding fixtures mounted 
on rails; the rails, in turn, were attached to a moveable cart. The desired ra.iiant energy flux in 
the plane of the test specimens was achieved by adjusting the distance between the lamps and the 
modules. Flux uniformity was controlled primarily by the number of lamp bulbs in each fixture. 
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Figure 7 3 Essential features of thermal test set up 



Figure 7 4 Thermal tost set up 


A 3 feet X 5 feet panel of low-iron glass (0.186 inch thick) was placed between the lamps 
and the test specimens, and a 3 feet X 5 leet black-painted wood panel was placed behind the 
specimens. This configuration was chosen so that the module radiation environment was 
controlled primarily by the front and back panels. The glass transmits 91 percent, reflects 
7 percent, and absorbs 2 percent of the incident shortwave radiation from the lamps when the 
lamps are operated at rated voltage (240 volts). The glass is essentially opaque to low- 
temperature infrared radiation from the test specimens, A separation distance of 12 inches 
between the test specimens and the front and back panels was chosen to permit convenient access 
to the test specimens during the test, as well as to permit a low resistance flow path for hot air to 
exit the chamber. The test specimens were spaced 6 inches apart. 

Natural convection, that is, air flow due to temperature gradients, was used as the air cooling 
mechanism for the test specimens. Conditioned air was introduced through two ports in the 
chamber wall, A maximum of 810 cfm was available, and flowrate control was achieved by 
obstructing the inlet ports. An exhaust slot in the chamber roof draws off the stratified hotter air 
near the roof of the chamber. A hot wire anemometer was used to measure the air velocity and to 
confirm that essentially natural convective flow condition existed near the modules. 

A pyranometer and a pyrheliometer were used to measure the magnitude and uniformity of 
the radiant energy flux in the plane of the test modules. The pyranometer was placed in a fixed 
position on the center line of the plane of the test modules; readings from this device were used to 
set the lamp voltage and distance during all test runs. The pyrheliometer was used to determine 
flux uniformity; this device was water cooled, mounted on a wand, and inserted through the 
exhaust slot in the ceiling of the test chamber, 

Copper-constantan thermocouples were used to measure temperature. Thermocouples 
10 mils in diameter were attached to the cells before encapsulation and attached to the back cover 
of each module after encapsulation. Thirty gauge thermocouples were attached to the edge frame 
of module TM-1, the front and back panels, and to the walls of the chamber. Four 30-gauge 
thermocouples were used to measure air temperature in the vicinity of the test modules, and 
another was used to measure air temperature below the modules. The locations and identification 
of those thermocouples associated with the modules are shown in Figure 7-2, and those of the 
other thermocouples are shown in Figure 7-5, 

Other support instrumentation is shown in Figure 7-6. Thermocouple data were transmitted 
from the test chamber to the test facility control room by the remote data scanner, Information 
from the remote data scanner was acquired by the test data acquisition system and then 
subsequently sent to the data iogger for immediate viewing on a CRT or to the data manager for 
subsequent storage and later printout, 
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Figure 7-5. Thermocouple locations in test apparatus. 


7-6 



CHAMBER 


original ry.'r 
° 0f? QUALITY 





NUMBERS IN PARENTHESES REFER TO 
ITEM NUMBER IN TABLE A-4 OF 
APPENDIX A 


Figure 7-6. Test instrumentation and data management systems for thermal test. 


7.4 TEST CONDITIONS 

The thermal test consisted of eight test runs in which the incident radiant energy flux and the 
backside emissivities of the modules were varied for module operation in both the power 
generation and open circuit modes. At the request of JPL and Spectrolab, an additional test run 
was performed for modules with insulated backsides. In this run, the backside of each module 
was covered with one-inch thick polyurethane foam. This test condition is an approximate 
simulation of a rooftop installation, where airflow past the module backside is expected to be 
severely restricted. The test conditions are summarized in Table 7-2. 
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TABLE 7-2. THERMAL TEST PROGRAM 





Front/Back Emissivity 


Test Run 

Nominal Radiant Energy 
Flux in Plane of 
Modules, W/cm' 

TM1 

TM2 

TM3 

TM4 

Comment 

1 

0.08 

0,8/0.04 

0.88/0.5 

0.88/0.9 

0.88/0,9 

Open Circuit 

2 

0,08 

0.8/0.04 

0.88/0.5 

0.88/0.9 

0.88/0.9 

Power Generation 

3 

0.114 

0.8/0.04 

0.88/0.5 

0.88/0.9 

0,88/0.9 

Power Generation 

4 , 

0.114 

0.8/0.04 

0.88/0.5 

0.88/0.9 

0.88/0.9 

Open Circuit 

5 

0.114 

0.8/0.95 

0.88/0.95 

0,88/0.03 

0.88/0,03 

Open Circuit 

6 

0,114 

0.8/0.95 

0.88/0.95 

0,88/0.03 

0.88/0,03 

Power Generation 

7 

0.08 

0.8/0,95 

0,88/0.95 

0.88/0.03 

0.88/0.03 

Power Generation 

8 

0.08 

0.8/0,95 

0.88/0.95 

0.88/0.03 

0,88/0.03 

Open Circuit 

9 

0.08 

0.8/0.95 

0.88/0.95 

0,88/0.03 

0,88/0.03 

Open Circuit 
Uninsulated 

10 

0.08 

0,8/NA 

0.88/NA 

0.88/NA 

0.88/NA 

Open Circuit 
Insulated 


A nominal radiant energy flux of 0,08 watt/cm* was chosen to simulate (as closely as 
possible) the “nominal thermal environment” used in the definition of the nominal operating cell 
temperature (NOGT). The higher flux of 0,1 14 watt/cm 2 was chosen arbitrarily. The procedure 
for adjusting the lamps is shown in Figure 7-7. The voltage reading on the pyranometer was 
monitored when adjusting both the lamp voltage and the distance between the modules and 
lamps, The pyrheliometer was then used to check flux uniformity, The radiant enc.gy flux could 
be altered by rotating the lamp cart and by changing the number of lamp bulbs. 

The procedure followed for each test condition is illustrated in Figure 7-8, Special care was 
taken to ensure the existence of steady-state for each test run. The ambient air temperature (TC 
No. 82, see Figure 7-5) was monitored at all times to ensure that the cooling air source for natu- 
ral convection remained at constant temperature. 
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Figure 7-7. Procedure for adjusting lamps. 


7-9 







ORIGINAL PAGE IS 
OF POOR QUALITY 


SET PROPER SOURCE/ 
MODULE SEPARATION 


INITIATE COOLING 



7-10 


















7.5 DATA ANALYSIS 
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7.5 . 1 Tttt Data Summary 

Results of the thermal test are listed in Tables B-43 and B-44 of Appendix B. For the 
purposes of analysis, the key results (i,e„ cell temperature, module backside temperature, air 
temperature, and radiant energy flux) arc listed in Tables 7-3 through 7-6 for modules with un- 
insulated backsides and in Table 7-7 for modules with insulated backsides. 


TABLE 7-3. KEY RESULTS FOR (GLASS SUPERSTRATE) MODULE TM-1 


Test Run 
No. 

Backside 

Emissivity 

Radiant Energy 
Flux, W/cm 2 

Center Cell Power 
Output, W 

Temperature, °C 

Num. 

Actual 

Air 

Cm ter Cell 

Edge Cell 

Backside 

1 

0.04 

0.08 

0.066 

0 

41.6 

69,4 


69.1 

2 

0.04 

0.08 

0,066 

0.06 

41,2 

68.4 


68.2 

3 

0,04 

0.114 

0.09 

0,09 

40.9 

79,5 

83.4 

79.1 

4 

0.04 

0.114 

0,09 

0 

41.6 

80.6 

85.1 

80.3 

5 

0.95 

0,114 

0.09 

0 

39.6 

78,4 

80.1 

77.5 

6 

0,95 

0.114 

0,09 

0.07 

40.5 

79,4 

80.4 

78.5 

7 

0.95 

0,08 

0.046 

0.06 

40,1 

67,4 

68.1 

66.8 

8 

0.95 

0.08 

0.066 

0 

39.9 

68.1 

69.1 

67.4 


TABLE 7-4. KEY RESULTS FOR (STEEL SUBSTRATE) MODULE TM-2 


Test Run 
No. 

Backside 

Emissivity 

Radiant Energy 
Flux, W/cm 2 

Center Cell Power 
Output, W 

Temperature, °C 

Nom. 

Actual 

Air 

Center Cell* 

Edge Cell* 

Backside 

1 

0.5 

0.08 

0,066 

0 

41.6 

63,7 

NA 

65,1 

2 

0.5 

0.08 

0,066 

0.06 

41.2 

67.4 

NA 

65.3 

3 

0.5 

0.114 

0,09 

0,09 

40.9 

72.7 

NA 

70.8 

4 

0.5 

0.114 

0,09 

0 

41.6 

75.6 

NA 

71.5 

5 

0.95 

0.114 

0.09 

0 

39,6 

NA 

69.4 

70.7 

6 

0,95 

0.114 

0.09 

0.07 

40.5 

NA 

66.7 

71,9 

7 

0,95 

0.08 

0.066 

0.06 

40.1 

NA 

60.7 

64,3 

8 

0.95 

0.08 

0.066 

0 

39.9 

NA 

64.5 

64.8 

• Center cel 

(TC No. 91) thermocouple readings appear questionable. Switched to edge cell (TC No. 91a) after test run No. 4. 
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TABLE 7-5, KEY RESULTS FOR (WOOD SUBSTRATE) MODULE TM-3 


B 

Backside 

Emissivity 

Radiant Energy 
Flux, W/cm 2 

Center Cell Power 
Output, W 

Air 

Temperature, °C 

Nom. 

Actual 

Center Cell 

Edge Cell 

Bacluide 


0.9 

mmm 


0 

40.6 

74,5 

74.5 

68.1 

2 

0.9 

B 


0,06 

40.9 

mm 

75.6 

68.7 

3 


HI 

0.09 

0,09 

39.9 

vlB 

84.5 

75.6 

4 

0.9 

0.114 

0.09 

0 

40.2 

84,3 

84.8 

77.3 

5 

0.03 

0.114 

0,09 

0 

38.7 

84.2 

83.9 

77,7 

6 

0.03 

0.114 

0.09 

0.06 

40 

84,4 

85.7 

78.2 

7 

0,03 

0.08 

0.066 

0.06 

40 

72.7 

74.1 

68.6 

8 

0.03 

0.08 

0.066 

0 

40.7 

74.6 

74.1 

69.1 


TABLE 7-6. KEY RESULTS FOR (WOOD SUBSTRATE) MODULE TM-4 


Teat Run 
No. 

Backside 

Emissivity 

Radiant Energy 
Flux, W/cm 2 

Center Cell Power 
Output, W 

1 

Temperature, °C 

Nom. 

Actual 

. 

Center Cell* 

Edge Cell* 

Backside 

1 

0.9 

0.08 

0,066 

0 

40.6 

71.3 

NA 

66.6 

2 

0.9 

0.08 

0.066 

0.05 

40.9 

47,6 

NA 

67 

3 

0.9 

0.114 

0,09 

0.11 

39.9 

61.1 

NA 

75.7 

4 

0,9 

0.114 

0.09 

0 

40,2 

83.1 

NA 

76.2 

5 

0.03 

0.114 

0.09 

0 

38.7 

NA 

82,9 

80,1 

6 

0,03 

0.114 

0.09 

0,07 

40 

NA 

84,3 

81.1 

7 

0.03 

0.08 

0,066 

0.02 

40 

NA 

71.2 

68,9 

8 

0.03 

0,08 

0,066 

0 

40.7 

NA 

71.2 

69.6 


• Center cell thermocouple readings appear questionable. Switched to edge cell (TC No, 98a) after test run No. 4 . 


7-12 








































ORIGINAL PAS'u IS 
OF POOR QUALITY 






































ORIGINAL S3 

OF POOR QUALITY 


7,8,2 Analytical Modal 

As mentioned in Section 7.3.1, the test chamber environment differed significantly from the 
terrestrial environment studied in Phase 1 of the program. Consequently, the thermal/optical 
model described in reference 3 was modified to represent the conditions prevailing in the test 
chamber. 

The thermal model used for the test chamber environment is compared with that used for the 
terrestrial environment in Figure 7-9, These discrete-element models were used to determine the 
temperature distribution around a centrally-located cell inside a module. The models differ in 
four respects: (1) the terrestrial model accounted for the interstitial spacing between the cells 
whereas the test chamber model did not;* (2) the air cooling in the terrestrial model was by 
forced convection past a module inclined at 34 degrees to the local horizontal whereas the air 
cooling in the test chamber model was by buoyancy-driven natural convection past a vertically- 
mounted module; (3) the terrestrial model used a solar air mass 1 ,5 spectrum whereas the test 
chamber model used the spectrum for a quartz lamp; and (4) the ground and sky served as 
thermal radiation boundaries for the terrestrial model whereas the front and back panels as well 
as the chamber walls served as thermal radiation boundaries for the test chamber model. 



Ain 



a. MODEL. FOR TEST CHAMBER ENVIRONMENT b. MODEL FOR TERRESTRIAL ENVIRONMENT 


Figure 7-9. Thermal models for test chamber and for terrestrial environments. 


• For closely-packed rectangular cells, which is the geometry under study here, the presence of the small interstitial 
space between cells has a negligible effect on cell temperature. 
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For the test chamber model, the radiant energy absorbed in the layers of the encapsulation 
system are indicated by Q’s in Figure 7-9, Values of Qj, Q*, and Q, were determined by the 
method outlined in Section 5 of reference 3, Note that since the model for the test chamber 
environment does not account for the small interstitial spacing between cells, values of Q'i, Q'j, 
and Q' c were not required for correlating test data. s 

Temperatures were calculated at a number of points inside and on the surface of the module 
in both models; these points (nodes) are represented by large black dots in Figure 7-9. The large 
dots external to the module represent constant temperature boundaries. 

The nodes are connected by a network of heat flow paths, which are shown as resistors in 
Figure 7-9, Each path represents a finite “resistance” to heat flow in the models, As mentioned 
in Section 6,2,2 of reference 3, absorption-reradiation phenomena in the encapsulation system 
are ignored, and heat flow inside the module is therefore by conduction only. The conduction re- 
sistance between adjacent nodes i and j is given by 



where l|j is the distance between nodes, k is the thermal conductivity, and A is the cross-sectional 
area for conductive heat flow. 

Air motion (convection) past the module surfaces helps to remove the incident solar radiation 
absorbed as heat, The thermal resistance to this convective heat flow from the surface to air is 
given by 


R*.ir " I /(HA) 


(7-2) 


where h is the convective heat transfer coefficient and A is the cross-sectional area for convective 
heat flow, The following relation [5] is used to calculate h for natural convection: 

hL 


C(GrPr)" 


where: 

Gr - Grashot number 


g fi (T. - T. ir ) L 3 


Pr “ Prandtl number « 0,72 for air 
g — gravity — 980 cm/sec 2 

/3 — volumetric thermal expansion coefficient of air, °C“ l 
L "■ vertical length of minimodule, cm 
T, “ module surface temperature, °C 
v “ kinematic viscosity of air, cm 2 /sec 

C " fj.59 j for Grpr < 10 , 
m ” 0,25 ) 

C - 0.1 


m 


0.33 


for GrPr > 10 
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The module surfaces radiate to the ground and sky in the terrestrial environment and to the 
frort and back panels and chamber walls in the test environment, The thermal resistance to 
ru«tii . heat transfer between a module surface node and a radiation boundary is given by 

R, _ b - (Aff ar. - b )-‘ (7-4) 

where o is the Stefan-Boltzman constant, A is the area for radiative heat flow, and - b is the 
radiative interchange factor (script-F). The radiative interchange factor is that portion of the 
radiant energy emitted from surface s that is absorbed at boundary b. Note that the units of 
Equations (7-1) and (7-2) are °C/w and that the units of Equation (7-4) are °K 4 /w. The 
thermal resistances are input to the thermal analyzer program in this way. Further discussion 
follows later in this section. 

TJie script-F’s, which were complex functions of the geometry and surface emissivities of the 
test set-up, were determined by means of the RENO computer program.* The surface emissivi- 
ties and the script-F’s used in the analyses presented here are listed in Tables 7-8 and 7-9, 
respectively, Note that the script-F’s for test runs 1-4 differed from those for test runs 5-8. This 
difference was due to the change in module backside emissivities between runs 4 and 5. All 
surfaces in the test set-up were treated as grey bodies. 


TABLE 7—6. SURFACE EMISSIVITIES 
FOR THERMAL TEST 


Surface 

EmiMivity 

Front Glass Panel 

0.8 

Back Wood Panel 
(black- painted) 

0.9 

Chamber Walls 
(dimpled aluminum) 

0.09 

Flack Tape 

0.95 

Silver Tape 

0.03 

Aluminized Mylar 

0.04 


* The RENO program was originally developed by the Aerojet-General Corporation, Turner Associates, who 
upgraded the Aerojet software, now maintains exclusive rights to its usage at Hughes under a license agreement. 
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TABLE 7 - 9 . RADIATIVE INTERCHANGE FACTORS FOR THERMAL TEST SET-UP 
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The spectrum of the quartz lamps was taken to be that of a black hotly operating at 2230” K. 
The ordinate of the corresponding blackbody curve was adjusted so that the area under the curve 
was the same as the flux measured by the pyranometer. Following the computational sequence 
outlined in Section 6,3 of reference 3, this spectrum was divided into twenty equal-energy 
intervals which correspond to twenty wavelength bands of unequal size, These intervals are listed 
in Table 7-10, Optical properties were evaluated at the midpoint of each wavelength band. The 
energy absorbed in the cell atu' in each layer of the encapsulation system (Q*, Qn Qa) is 
evaluated for each wavelength bants and summed over nil bands. These values of Q,,. Qa, and Qt 
are then input to the thermal model to calculate the corresponding temperatures, 

TABLE 7-10, EQf.'AL ENERGY WAVELENGTH 
BANDS FOR QUARTZ LAMPS* USED DURING 
THERMAL TEST 


Energy 

Interval 


Wavelength 

End|x)Uitn 

Band, /mi 
Midpoint 

0,3, 0,86 

0,58 

0.86, 0,68 

0.92 

0.68, 1,10 

1.04 

1.10, 1,20 

1.15 

1,20, 1.32 

1.26 

1,32, 1.38 

1,35 

1.38, 1.54 

1,46 

1.54, 1,88 

1,56 

1,58, 1,76 

1,67 

1.76, 1.82 

1,79 

1,82, 2.02 

1.92 

2.02, 2.10 

2.06 

2,10, 2.36 

<►*«***.* 

2.36, 2.48 

$ 4^ 

Ml »M 

2.48, 2,84 

2,66 

2.84, 3,00 


3,00, 3.68 

3.34 

3.68, 4.20 

3.64 

4.20, 5.64 

5.07 

5.94, 6.58 

7. 76 









7.S.3 Hiiultt 


Measured and predicted cell temperatures for test runs I, 4, 5, and 8 are listed in Table ?•=> 
t l. These results ace lor those tests performed at open cimii. conditions. The power conversion 
efficiencies of the cells used in these modules were approKinatelv 2.5 percent, anti there was little 
overlap between the cell response curves and the spectrum of the quarts lamps. Thus, the cell 
temperature was not expected to differ significantly between open circuit aiul the maximum 
power generation conditions. Tins expectation was confirmed during the test (after adjusting for 
differences in air temperature); hence only predictions for open circuit conditions are reported 
here. 

'rive average air speed between the glass and wood panels was found to be approximately 

0.2 meter sec However, speed "pulses" were observed to occur about every 2 to 3 minutes; the 
maximum air speed during these pulses was about 0.4 meter sec. 

The pyranometer readings indicated that the nominal fluxes of 0.08 and 0.114 VV/cin* were 
obtained along the dividing line between modules TM- 2 and TM-3. However, the pyrheliom* 
eter readings indicated that the flux decreased by as much as 20 percent in going from the 
pyranometer to the spaces between modules TM-1 and TM- 2 and between modules TM 3 and 
TM 4. Hence, the incident radiant energy fluxes used in the predictions correspond to lliose 
measured at positions B and R in Figure IM5 of Apjxrndix B. This nonuniformity in radiant 
energy flux may be the reason for the l to ,VT. difference between measured center cell and edge 
cell temperatures. 

A comparison between predicted and measured cell temperature indicates that 

1 . The thermal optical model overestimates the cell temperature 

2. The thermal optical model shows best agreement for those situations where the module 
had a high emissivity back cover. 

7,6 DISCUSSION 

As mentioned above, the thermal model overpredicts the cell temperature. The two most 
probable causes of the overpredictions are the low value of emissivity (0.09) assumed for the 
chamber walls and a lateral tcnqtcraiure gradient in the glass front panel. 

The emissivity of the chamber walls was probably closer to 0.2 pi value commonly used for 
the aluminum skin of an aircraft) than 0,09. A higher value of emissivity would lead to larger 
values for the script- K terms from the modules to the chamber walls and therefore to a higher 
prediction of radiant heat transfer from the modules to the chamber walls, 

Although there were insufficient thermocouples to measure the lateral temperature differ- 
ences in the front panel, the drop-off in radiant energy flux front the centerline of the test 
apparatus implies that the temperature in the glass panel decreased with distance from the 
centerline as well. 

The measured cell temperatures in excess of the ambient air temperature for the present tests 
were about 15 to 20 "0 higher than those reported by Namkoong and Simons [11] for four 
different module designs operating in an outdoor environment. This difference is not surprising 
in that the outdoor environment is characterised by cooler radiation boundaries and forced 
convection cooling due to winds. 

In test run No. It), the modules were insulated such that none or very little of the absorbed 
radiant energy could he removed by convection and radiation from the module backsides. This 
configuration is typical of roof-top applications. Measured cell temperatures for this test run are 
listed m Table ”’-12, which indicates that the roll temperatures for the insulated modules were 
about 5° to I H'C higher than those for the uninsulated modules. The cell temperatures in excess 
of the ambient air temperature compare with Namkoong's and Simon’s data for insulated 
modules operating in an outdoor environment [11]. 
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TABLE 7-12. MEASURED CELL TEMPERATURES FOR MODULES 
WITH INSULATED BACKSIDES 




Cell Temperature, °C 

Teal Module No. 

Description 

Uninsulated 

Insulated 

TM-1 

Glass Superst rate 
Front Covers 125 mil glass 
Pottant: 18 mil EVA/Craneglas 
Back Covers Black tape 

66.1 

77.6 

TM-2 

Mild Steel Substrate 
From Covers 3 mil Tedlar 
Pottant: 18 mil EVA/Craneglas 
Substrate: 200 mil steel 
Back Cover: Silver tape 

*63.4* 

70.2* 

TM-3 

Wood Substrate 
Front Cover: 3 mil Tedlar 
Pottant: 18 mil EVA/Craneglas 
Substrate: 125 mil wood 
Back Cover: Silver tape 

76.1 


TM-4 

Wood Substrate 
Front Cover: 3 mil Tedlar 
Pottant: 36 mil EVA/Craneglas 
Substrate: 125 mil wood 
Back Cover: Silver tape 

72.6 


Environmental Conditions, 

til Incident radiant energy flux S* O.Oftft W cm 
(21 Air temperature as 40* C 

(3) From (glass) panel temperatures - 52T, 58“G, 6')®C 

(4) Chamber wall temperature - 4 IT. 

(51 Chamber floor temperature - 44T 
(6) Air o**d as 02 meter sec 

• Thermocouple readtns is doubtful 
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APPENDIX A 

TEST EQUIPMENT INFORMATION 




APPENDIX A. TEST EQUIPMENT INFORMA TION 


A.1 OPTICAL TEST EQUIPMENT 

A, hi Equipment Dticription, To$t Function, end Nomopioto Onto 

The tesi equipment and support instrumentation used in the optical test arc listed in 
Table A-l. 

TABLE A-1, TEST EQUIPMENT AND SUPPORT INSTRUMENTATION 
USED IN OPTICAL TESTS 


Item 

No. 

Description 

Teat Function 

Nameplate Data 

1 

Xenon illumination 
source 

Radiant energy source 

Spcctrosun Model No. 1206 
Spectrolab, Inc. 

Sylmar, Calif. 

2 

Standard cell 

Calibration of xenon source 

Standard Cell No. 1039 
Spectrolab, Inc, 

Sylmar, Calif. 

3 

Tungsten illumination 
source 

Radiant energy source 

Tungsten Solar Simulator, SN2 
Spectrolab, Inc, 

Sylmar, Calif. 

4 

Standard cell 

Calibration of tungsten source 

Standard Cell No. 1-3 
Spectrolab, Inc. 
Sylmar, Calif. 

5 

Color temperature 
meter 

Set -point instrumentation for 
tungsten source 

Heliotek Color Temperature Meter 
Model HTA 159, Serial No. 122 
Spectrolab, Inc, 

Sylmar, Calif. 

6 

Automatic load 
adjustment 

Set voltage across terminals 
of solar cell 

Electronic Load Model 279-1, SN2 
Spectrolab, Inc, 

Sylmar, Calif. 

7 

Thermocouples (copper/ 
constantan, 30 gauge) 

Measure temperatures of 
cooling fixture and solar 
cell 

Fabricated at Hughes Aircraft Co. 

8 

Digital temperature 
readout 

Convert voltage output 
from thermocouples to 
temperature units 

Model 2176A Digital Thermometer 
Serial No. 1860054 
John Fluke Mfg. Co. 

Burbank, Calif. 


A-l 










A, 1,2 Calibration Data 

Calibrated photovoltaic cells were used to determine the radiant energy (luxes in the 
illumination sources. Standard cell 1039 was used for adjusting the xenon source; the current 
versus voltage characteristics cf this cell, for an energy flux of 0.135 W/cm 2 (i.c. air mass zero) 
arc shown in Figure A-l. Standard cell 1-3 was used for determining the energy flux in the 
tungsten source; this cell was accidentally broken at conclusion of the optical tests and is no 
longer available. The dimensions of standard cell 1039 are 0.25 Inch X 0,25 inch, and the 
dimensions of standard cell 1-3 were 2.1 inch X 2.] such. 

Each of the cells was inserted in a vacuum chuck attd placed in the beam of each source, For 
the renon source, the power to the lamp was adjusted such that cell 1039 produced a short-circuit 
current of 65 mA. The accuracy of this setting is *2 percent. For the tungsten source, the power 
to the lamp was set to yield a color temperature at 2700° K (measured with a color temperature 
mcter-r-sec item 5, Table A-l). The vertical distance of the lamp above the vacuum chuck was 
then adjusted until the short circuit current produced by cell 1-3 was 903 mA, which corresponds 
to a radiant energy flux of 0,100 W/cm 2 . 

A, 2 ELECTRICAL TEST EQUIPMENT 


A. 2, 1 Equipment Daacription, Taat Function > and Namaplata Data 

A hipot tester was used to measure breakdown voltage and leakage current through the test 
coupons. Nameplate data for the hipot tester are listed below; 

Model HD 125 AC/DC Hipot Tester 
Hiptronics, Inc, 

Brewster, N.Y. 

A.2,.2 Calibration Data 

Calibration data were not required for these measurements, 

A.3 THERMAL STRUCTURAL TEST EQUIPMENT 


A, 3, 1 Equipment Daacription , Taat Function, and Nama-plata Data 

The test equipment and support instrumentation used in the thermal structural test arc listed 
in Table A-2. 


A. 3.2 Calibration Data 

The readings obtained from the strain indicator (item 10, Table A-2) must be corrected to 
obtain the actual strains experienced by the test specimens, This correction is made by means of 
the following relation: 


actual strain 


indicated strain 


( indicated gage factor 
actual gage factor 


The indicated gage factor in these tests was 1,99, The actual gage factors decrease with 
increasing temperature for each strain gage type as shown in Figures A-2 through A-5. 
Information On item 2 of Table A-2 has been misplaced, A standard resistor (item 12, Ta- 
ble A-2) was used to check calibration of the strain indicator during the test. 
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A 4 STRUCTURAL DEFLECTION TEST EQUIPMENT 


A 4. 1 Equipment Description Test Function, and Nameplate Data 

The test equipment and sup|K>rt instrumentation uwd in the structural deflection test arr 
iistrd in Table A-3. 

A 4.2 Calibration Data 

Calibration data for the strain Kanes (item l, Table A- 3) are shown in Finure A-b A 
standard rrsisior (item 4 . Table A " was used to check calibration of the strain indicator (item 
2. Table A-3' durum the test 
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l>*ad cell Meas weight of water in test Load Cell Hughes Aircraft Go 

apparatus Serial No LCJ-IWlO C«hw Cuy, CA 

(Primary Standard No 14)7097) 

Strain gage leads Electrical connect ion between strain Flat-ribbon strain gage wire, 

gages and selector switch 20-gage, vinyl coated 
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AS THERMAL TEST EQUIPMENT 


A.S. 1 Equipment Description Test Function, end Nameplate Date 

The test equipment and support instrumentation used in the thermal test are listed in 
Table A-4. 

A.S. 2 Celibretion Date 

The pyrheliometer (item 1, Table A-4) and the pvranometer (item 2, Table A-4) were used 
to measure the radiant energy flux in the plane of the test modules. The conversion constants die 
0.0184 W cm 1 mV 1 and 0.0092 W cm 2 mV' 1 for the pyrheliometer and pyranome;er, 
respectively. The accuracies of these instruments are ± 3 percent and i 1 percent, respectively. 
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TABLE A-4. TEST EQUIPMENT AND SUPPORT INSTRUMENTATION USED IN THERMAL TESTS 
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APPENDIX B RA W DA TA 


B 1 OPTICAL TEST DATA 

Raw data for the optical tc*t consist of the follow*:.)* items. which wm measured for all 
photovoltaic cell* used in the specimen* Data were obtained for both xenon and tungsten 
illumination sources 

1 Open-circuit voltage before encapsulation 

2 Open-circuit voltage after encapsulation 

3 Short-circuit current before encapsulation 

4 Short-circuit current after encapsulation 

V Cell lui-ent at SOU mv before encapsulation 

b Cell current at SCM) mv after encapsulation 
These data are listed in Table B-l. 

In a second series of tests, cardboard frames were used to permit illumination of the cells 
only These tests were performed for both xenon and tungsten sources, and the data are listed in 
I able B 2 


B I 



TABLE B-1 RAW DATA FOR OPTICAL TESTS (NO FR 







TABLE B-2. DATA FOB OPTICAL TESTS WITH FRAMING 
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B 2 ELECTRICAL ISOLA TION TEST DATA 

Raw data for the electrical isolation test consist of elertrical breakdown voltage and current 
(or 25 samples each of four types of test coupons. Data were obtained for both sides of each 
sample. These data are listed in Tables B-3 through B-6 


TABLE B-3. ELECTRICAL ISOLATION TEST DATA FOR COUPON TYPE A 


Front Side 


Breakdown ( ondilions 


Back Side 


Breakdown ( ondiiiom 


kV at I I kv at 1 MA 

O Ton II) | Voltage, kV | ( urtrm « A | Leakage Current [ Voltage, kV [ Current, nK Leakage Current 


• 1 

|9 



18 

14 5 

A-3 

IT 

320 

A-9 

14 

7.5 

A- 10 

14 

10 5 

A- II 

15 

II 0 

A-12 

19 

200 

A-13 

12 

80 

A- 14 

15 

19 0 

A- 15 

19 

25.0 

A- 16 

18 

22.5 

A- IT 

to 

7.0 

A- 18 

13 

27.0 

A-19 

17 

240 

A-20 

12 

22.0 

A- 21 

10 

7.0 

A-22 

r 

230 

A-23 

16 

200 

A-24 

18 

31.0 

A-25 

17 

32.0 

A -26 

15 

23.0 

A-2” 

|7 

29 0 


Tih.iI u*ijj»>n* ” 22 

\ier.mr breakdown volia«e “ 15 6 k\ (fronil ok kV ibavk' 

Vandard deviation (or breakdown voltage " 2 * k\ t(rnnt) l I k\ ib.nki 





















TABLE B 4 . ELECTRICAL ISOLAT'ON TEST DATA FOR COUPON TYPE B 
























TABU B B ELECTRICAL ISOLATION TEST DATA FOR C 


TYPE C 
























TABU H © EUCTRICAl ISOLATION TEST UA*A TOR COUPON TYPE 0 
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HJ THtHMAl STRUCTURAL TEST DATA 
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TABIC H 1 PI AIN GLASS A NO PLAIN STEEL APPAREN 1 
STRAIN DATA (HEATING) 
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TABLE B-8 PLAIN SILICON AND PLAIN ALUMINUM APPARENT 
STRAIN DATA (HEATING) 


Date 

Time 

Temperature, # C 

Strain, liinch/inch 

Silicon 

Aluminum 

Silicon 

Aluminum 

Ch. 5 

Ch. 6 

Ch. 3 

Ch. 4 

7/1/81 

2:10 

23 

23 

0000 


+ 0004 

E3 

7/1/81 

2:25 

41 

41 

+ 20 


+ 53 

+ 39 

7/1/81 

2:30 

41 

41 

+ 4 


+ 38 

+ 26 

7/1/81 

2:35 

40 

40 

+ 5 


+ 40 

+ 34 

7/1/81 

3:00 

60 

59 

+ 15 


+ 89 

+ 51 

7 1 81 

3:05 

60 

59 

+ 22 

+ 51 

+ 83 

+ 54 

7/1 81 

3:30* 

82 

79 

+ 79 

+ 151 

+ 177 

+ 125 

7/1 /81 

3:30 

80 

78 

+ 81 

+ 155 

+ 185 

+ 128 

7/1/81 

3:40 

81 

78 

+ 85 

+ 154 

+ 183 

+ 131 

7/1/81 

4:12* 

102 

99 

+ 77 


+ 213 

+ 139 

7/1/81 

4:20* 

101 

99 

+ 68 


+ 206 

+ 135 

7/1/81 

4:50* 

122 

118 

+ 50 

+ 277 

+ 220 

+ 129 

7/1/81 

4:55* 

124 

120 

+ 55 

+ 276 

+ 221 

+ 133 


•Pressed “zero check" about six times 
Notes (1) Strain ttaite information 

Item 


Silicon 


Gaifc type 
Sec. I natje factor 
Sec 2 gatje factor 


WK-03-250TM-350 
1 % (Chan. 5) 

1.88 (Chan. 6) 


Aluminum 

WK-13-250TM-350 
2.17 (Chan J) 

2.02 (Chan 4) 


(2) Indicated i$ane factor ™ 1.99 

(3) Test performed by J. Pimentel. R Huebschen, and D Gillaspy 
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TABLE B-9. PLAIN STEEL AND PLAIN ALUMINUM APPARENT 
STRAIN DATA FOR HEATING AND COOLING 



l 

Time 

Temperature, °C 

Strain, uinch/inch 

Steel 

Aluminum 

Date 

Steel 

Aluminum 

Ch. 1 

Ch. 2 

Ch. 3 

Ch. 4 

7 2 81 

10:30 

26 

26 

mm 


+ 0003 

-0007 

7/2/81 

10:45 

59 

59 

m 

90 

81 

39 

7/2/81 

1 1 .00 

60 

60 

68 

80 

77 

36 

7/2/81 

mm 

100 

100 

147 

162 

136 

53 

7/2/81 

USE' 

100 

100 

144 

161 

134 

54 

7/2/81 

BSE 

139 

1 39 

166 

202 

155 

37 

7/2/ 81 

BSE 

139 

139 

168 

201 

156 

37 

7/2/81 

12:55 

118 

118 

161 

183 

158 

53 

7/2 81 

100 

120 

120 

162 

189 

158 

51 

7 2 81 

1:15 

100 

100 

146 

162 

140 

59 

7/2,81 

1:20 

100 

100 

138 

153 

134 

53 

7/2/81 

1:35 

80 

80 

116 

128 

118 

53 

7/2/81 

1:45 

80 

80 

116 

124 

122 

53 

7/2/81 

1:52 

59 

60 

73 

78 

93 

39 

7/2 81 

2:00 

60 

60 

64 

75 

82 

37 

7/2/81 

2:15 

42 

42 

29 

35 

49 

21 

7/2/81 

2:25 

42 

42 

+ 35 

+ 43 

+ 59 

+ 23 

7/2/81 

2:47 

21 

21 

-18 

-27 

-05 

-16 

7/2/81 

2:55 

21 

T) 

-11 

-21 

-03 

-12 

7, 2 81 

3:20 

-5 

-4 

-122 

-134 

-102 

-90 

7/2, 81 

3:25 

0 

0 

-95 

-103 

-78 

-70 

7 2 81 

3:36 

-19 

-20 

— i 86 

199 

-172 

-148 

7/2/81 

3:45 

-20 

-20 

-197 

-211 

-180 

-156 

7/2/81 




-307 

-323 


-248 

7/2/81 


Sfl 


-322 

-347 

gin 

-272 

7 2,81 




— 463 

-493 

-462 

-398 

7/2 81 

4:30 



-491 

— 5 1 6 

-488 

-423 




i 






(Continued next patje) 


B- 1 1 











— 

40 

-41 

4S 

-20 

:3I 

0 

30 




-322 

- 1 8b 

-97 
+ 14 



Motet (I) Strain n.mc information 
Item 


Cage type 

Spi I K.ti(r factor 

Sec 2 tt.ntr factor 


VVK 0o-2M)TM-350 
I oo (Chan H 
I 80 (Chan. 2) 


-343 

- | 9 «) 

- |()b 
+ 04 


Aluminum 

Wk 13 2SOTM-3SO 
2 I' (Chan }) 

2 02 (Chan 4) 


(2' Indicated <anr factor " I 00 

(31 Te*t performed bv J Pimentel. R Huebschen, and D Cillaipv 
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TABLE B-1 0 PLAIN STEEL AND PLAIN GLASS APPARENT 
STRAIN DATA FOR HCATING AND COOLING (Concluded) 

Strain. Minch, in.h 

Trin|K-uiurr. °C Silicon (.Ijnn 

( , T 

Dale Time Silicon (ila»» Ch. 5 Ch. 6 C h. 7 Ch. 8 

7 2 81 4 40 -41 -41 -231 —MS - 88 — 127 

7 2 81 4 4* | - 20 -19 — 126 -236 - 30 - 60 

-38 -142 -04 -27 

-57 —51 +11 +19 

1 

Note* (l> Strain nagr information 

Item Sirrl 

li.iitri\|*r WK-03-250TM-350 

Sr» I italic factor I ‘*o (Chan 51 

See 2 naitr factor I 88 (Chan of 


Muminum 

\N K i>(. 250 I'M '5(1 
i n (CKm 7> 

I (Chan 8' 



<2f Indicautl itaur lanor • 1 *>*> 

(3> Tf»t jirrfornird In ) Pimrnirl. R Hurlmhm and I) tiillaifn 



TABLE B- 1 1 PLAIN SILICON AND PLAIN ALUMINUM APPARENT 
STRAIN DATA FOR HEATING AND COOLING 


Dale 


Temperature, °C 

Strain, tnnth/inch 

Silt*, on 

Aluminum 

1 

Time 

Silicon 

Aluminum 

Ch. 1 

ESI 


Ch. 4 

7 |3 81 

300 

24 

24 

+ 03 

+ 07 


-01 

i 7 13 81 

3:15 

40 

40 

+ 36 

+ 40 

+ 46 

+ 30 

| 7 13:81 

3:18 

40 

40 

+ 32 

+ 35 

+ 46 

+ 24 

7 13 81 

3:25 


60 

+ 42 

+ 50 

+ 80 

+ 47 

713/81 

3:30 


60 

+ 38 

+ 46 

+ 81 

+ 36 

7/13/81 

3:45 

80 

80 

+ 27 

+ 48 

+ 118 

+ 44 

7/13/81 

3:55 

80 

80 

+ 19 

+ 38 

+ 113 

+ 43 

7/13/81 

4:10 


100 

+ 17 

+ 48 

+ 126 

+ 37 

7 13/81 

4:20 

100 

100 

+ 09 

+ 46 

+ 125 

+ 36 

7 13/81 

4:36 

120 

mm 

+05 

+ 48 

+ 133 

+ 29 

7/13/81 

4:50 

120 


+07 

+ 48 

+ 125 

+ 22 

7/13/81 

4:58 

100 


+ 08 

+ 42 

+ 127 

+ 38 

7/14/81 

8:40 

100 


+ 11 

+ 49 

+ 126 

+ 38 

7 14 81 

8:50 

80 

80 

+03 

+ 24 

+ 104 

+ 41 

7 1481 

9:00 

80 

80 

+ 06 

+ 24 

+ 108 

+ 43 

7 14/81 

9:10 

60 

60 

-09 

-07 

+ 85 

+ 37 

7 14 81 

9:25 


60 

-09 

-07 

+ 90 

+ 38 

7 14/81 

9:55 

41 

41 

-36 

-45 

+ 43 

+ 22 

7 14 81 

10:00 

40 

40 

— 36 

-45 

+ 41 

+ 17 

7/14/81 

10:20 


20 

-82 

-100 

-09 

-21 

7 14/81 

10:25 

20 

20 

-79 



“19 

7/14/81 

10:35 


0 

-162 

-171 

-88 

-76 

7 14 81 

1045 

0 


-154 

-163 

-85 

-78 

7/14 81 

11:00 

333 


-240 

-265 

-194 

-160 

7 14 81 

11:10 

§31 

-20 

-239 

-263 

-191 

-158 

7 14 81 

11:17 

-40 

-40 

-349 

-383 

-318 

-265 

7 14 81 

11:25 

-40 

-40 

-347 

— 386 

-320 

-268 

7 14 81 

11:35 

-60 

-60 

-470 

— 535 

-473 

-402 

7 14 si 

i 

11:40 

-60 

-60 

-480 

-530 

-472 

-403 


(Continued next pane) 
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TABLE B-1 1 . PLAIN SILICON AND PLAIN ALUMINUM APPARENT 
STRAIN DATA FOR HEATING AND COOLING (Concluded) 


Strain, Minch inch 



Time 

Temperature, *C 

Date 

Silicon 

Aluminum 

7/14/81 

11:50 

-40 

-40 

7 14/81 

1 1:55 

-40 

-40 

7/1481 

12:10 

-20 

-20 

7/14/81 

12:25 

-20 

-20 

7/14 81 

1:05 

0 

0 

7 14 81 

1:10 

0 

0 

7 14 81 

1:30 

20 

20 

7/14/81 

1:35 

20 

20 

7/14/81 

1:40 

22 

2“» 

•* 

7/14 81 

1:45 

22 

22 


Silicon 


Aluminum 


Ch. 1 Ch 2 Ch. 3 Ch. 4 



-117 

-33 

-33 

-17 

-09 


-384 
-385 
-2o2 
-259 
- 14? 
-139 
-56 


-312 

-317 

-182 

-184 

-86 

-85 

-19 

-15 

-29 



-154 

-74 

-74 

-20 



Notec (1) Strain gage information 



linn 

Silicon 

Aluminum 

Gage i\pe 

WK-03-2S0TM-3S0 

WK-I3-2SOTM-3SO 

Sri 1 gagr fat lor 

1 % (Chan 1) 

2 17 (Chan 3) 

Srt 2 gagr (actor 

1 8M (Chan 2) 

202 (Chan 4) 

(2) Indnaird gage lacior “ 

I «W 


(3) Ten performed In J Pimemel K H uebtehen . and D Cnllaipi 
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TABLE B 12 THERMAL STRUCTURAL TEST DATA FOR 


COUPON TSC-1 NORMAL TEST 



(Continued next pa«r) 
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TABLE B-12. THERMAL STRUCTURAL TEST DATA FOR COUPON 
TSC-1 NORMAL TEST (Concluded) 


Dale 

Time 

Temperature, *C 





Strain, Minch/ inch 

■ 

i 

Silicon 

Aluminum 

— 

Silicon 

Aluminum 

Cb. 1 

Ch. 2 

Ch. 3 

Cb. 4 

7 10 HI 

ISS 

20 

20 

-33 

-45 

-14 

-14 

7/10/81 

mM 

40 

40 

4-02 

+ 06 

-23 

-12 

7/10/81 

4:10 

40 

40 

00 

+ 08 

-21 

-09 

7/10/81 

4:50 

mm 

27 

-12 

-22 

-10 

-04 

7 D/ll 

8 30* 

■1 

2< 

-16 

-26 

-09 



*3513 Calibration Chetk 

Nutet (I) .Strain «a«r information 

Item 

Ga,r type 
Set I ga«r (at tor 
Set 2 factor 


Silicon 

WK .03-2S0TM- 330 
IJ* Chan I! 

I KM (Chan 2) 


Gian 

VNh ft I M MO 
I w (Chan 3) 

I H‘) (Chan 4) 


(2) Indicated *j*r lattor - I '>'> 

(3) Teat performed bt J 1’imeniel. R H urine hen. and D Gillaipt 





































TABLE B 13 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-2 NORMAL TEST (Concluded) 


Strain, Minch /inch 


Trmprraturr, °C 


Silicon 


7 |0 81 
7 10 81 
7 10 81 
7 10 81 
7 10 81 
7 10 81 
' n si 


Timr Silicon 


(>Um 



• 1 S |1 Calibration chn L 



Noire 1 1 1 

Strain <aitr information 



lirm 

Silicon 

(• Iasi 


(iaiir ivpr 

UK 0.1 2S0TM ISO 

U K 0<» 2J0TM ISO 


Sr« 1 <.ntr factor 

1 ‘>o (Chan SI 

2.02 (Chan 71 


Sr« 2 n-mr 1 actor 

l 88 (Chan o' 

1 (Chao 8) 

( 2 ) 

Indicated n.i«r factor 

— | 00 


(3) 

l>*t prrtormnl In ) 

I'mirntrl, K lliirhschrn, ami l) Lollaipv 




K 20 











TABLE B- 14. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-3 NORMAL TEST 


Date 


Tempe 


Strain, pinch/inch 

raturc, tf C 

Silicon 

Glams 

Time 

■ ' T 

Silicon 

Class 

Ch t 

Ch. 10 

Ch. 11 

Ch. 12 

7 10 SI 

9: IS 

■ — “f 

27 

27 

4-01 

-03 

(H) 

(H) 

7 |0 SI 

9:20 

40 

40 

4-lS 

4-18 

-04 

-02 

7 10 SI 

9:30 

40 

40 

4-16 

4-18 

4-01 

4-04 

7 10 SI 

9: SO 

60 

60 

4-12 

4-37 

-46 

-38 

7 10 SI 

9; 57 

60 

60 

4- OS 

4-3S 

-51 

-36 

7 10 SI 

10.3S 

80 

80 

-OS 

4-42 

-93 

-77 

7 10 SI 

10 42 

80 

80 

-14 

4-26 

-97 

-77 

7 10 SI 

1 1 00 

1(H) 

1(H) 

-28 

4-28 

-146 

-126 

7 10 SI 

II 08 

1(H) 

1(H) 

-28 

4-29 

-149 

-127 

7 10 SI 

11:38 

80 

80 

-08 

4-30 

-93 

-76 

7 10 SI 

11 48 

80 

80 

-09 

4-28 

-97 

-77 

7 |0 SI 

12: IS 

63 

63 

-03 

f 20 

-ss 

-44 

7 10 SI 

12:23 

61 

61 

-03 

4-24 

-SI 


7 10 SI 

12 42 

41 

41 

-13 

-09 

-24 

El 

7 10 SI 

12: SO 

40 

40 

-13 

-10 

— 

Bl 

7 10 HI 

1:12 

21 

21 

-40 

-SI 

-18 

-16 

7 10 SI 

1:20 

21 

21 

-41 

-57 

-16 

-12 

7 10 SI 

1:30 

0 

0 

-1(H) 

-135 

-38 

-40 

7 10 SI 

1 40 

0 

0 

-91 

-126 

— 25 

-34 

7 10 SI 

2:00 

-20 

-20 

-148 

-19(, 

-57 

" (>4 

7 10 SI 

220 

-20 

-20 

-138 

-187 

-47 

“57 

7 10 SI 

2:3S 

-40 

-40 

— 22S 

- 3(H) 

-106 

-124 

7 10 SI 

2: SO 

-40 

-40 

-243 

- 309 

-113 

-130 

7 10 81 

3:10 

-20 

-20 

— 1 S9 

-212 

— 65 

-81 

7 10 SI 

3:1 S 

-20 

-20 

— 1 S3 

-206 

-61 

; wl 

7 10 SI 

3:30 

0 

0 

-87 

-122 

-27 

D 


(Continued next page) 







TABLE B-14. THERMAL STRUCTURAL TEST DATA FOR 
COUPON Tf»C-3 NORMAL TEST (Concluded) 



Temperature, # C 


Silicon 


7/10/81 

7/10/81 

7/10/81 

7/10/81 

7/10/81 

7/10/81 

7/13/81 


• 3513 Calibration check 
Notes: (1) Strain gage information 



Strain, M>ncL/inch 


Silicon 


Ch. 9 i Ch. 10 Ch. 11 Ch. 12 


Item 

Gage type 
Sec. 1 gage factor 
Sec. 2 gage factor 


Silicon 

WK-03-250TM-350 
1 96 (Chan. 9) 

1 88 (Chan. 10) 


(2) Indicated gage factor ■■ 1.99 

(3) Test performed by J Pimentel, R Hucbschen, and D Giliaspy 



WK-06-250TM-350 
2.02 (Chan. 11) 

1.93 (Chan. 12) 



















TABLE B 


-IB THEHMAl STRUCTURAL TEST DATA FOR 
COUPON ISC 4 NORMAL TEST 

Strain, Minch null 
T* •<' Sllllllll 


Temperature, *C 


Hr Time Silicon C»la** 

SI 1.35* 

,81 1:55 40 40 

, HI 2:00 40 40 

. HI 2:20 59 3* 

* HI 2:30 60 (»0 

>81 2:55 78 78 

> HI 307 79 79 

> HI 3 40 ‘>K W 

i HI 3:45 *W 

1, si 4 05 HO HO 

b HI 4 10 HO HO 

0 HI 4 25 b0 1*0 

l* HI 4.30 <»0 <*0 

o HI 4:40 40 40 

0 HI 4 45 40 40 

- HI H SO** 20 20 

7 HI 9:20f 20 20 

7 HI 9:37 0 0 

7 HI 9 42 0 0 

7 HI ‘> 48 20 20 

7 HI 9:55 20 20 

7 HI 10.00 22 22 

• ISiH' Calibration check 
••LSI 2 Calibration ihnk 
t \ll Channel* rr zeroed 
Nmr\ tl> Strain itase information 


Ch. 1 

— (HHH) 
4-13 
4- 14 
4-22 
4-22 
4-13 
4-05 
-Oo 
4-01 
4 10 
4-0‘> 
4-10 
4-11 
4-02 
4-07 
— 2 ‘) 
-01 
-ol 
— o5 
-01 
-01 
-01 


Silicon 


— 0003 | 
4-2H 
4-30 
4- 

+ 38 
4-45 
4-4H 

4-37 

4-39 

4-45 

4- 42 

+ 38 

+ 38 I 

4-13 I 

4-20 

-40 

4-03 

-75 

-7t> 

-04 

4- OS 


Ch. 3 

Ch. 

fOOOo 

+ 0 


Cage type 3VK 03 250 1 M- '50 

sn I it.mr factor I ‘>0 (t han I' 

Sn 2 <anr t actor I 88 (Chan 23 


-40 
-42 
-78 
-87 
-128 
-136 
- 18 ‘> 
— 1 9 1 
-134 
— 130 
— H5 
-Ho 
-54 
-51 
- 2 0 
+ 05 
-09 
-II 
+ IH 
+ 11 
+ 0 “ 


\\k Do 2SUTM 350 
2.02 (Chan 3) 

1 0 3 (Chan 41 


t2> Indicated <a«r factor - I 00 

tit 1 >m tierlormed bv | Pimentel K Huehschrn. and P Ctllarpv 




TABLE B-1 6 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-6 NORMAL TEST 


1 — - 




Strain, Minch /inch 



Temperature, *C 

Silicon 

Glass 

Dale 

Time 

Silicon 

Glass 

Ch. 5 

Ch. 6 

Ch. 7 

Ch. 8 

7 6 81 

1:35 

23 

23 

+ 0005 

+ IHH)4 

+ 0006 

— 0005 

7, 6 81 

1 :55 

40 

40 

+ 34 

+ 28 

-37 

-30 

7/6/81 

2(H) 

40 

40 

+ 38 

+ 37 

-33 

-25 

7/6, 81 

2:20 

59 

59 

+ 35 

+ 48 

-78 

-63 

7/6 81 

2; 30 

60 

60 

+ 40 

+ 52 

-86 

— 68 

7/6/81 

2:55 

78 

78 

+ 37 

+ 56 

-129 

-103 

7/6, 81 

3:07 

79 

79 

+ 32 

+ 48 

-132 

-100 

7 6/81 

3:40 

98 

98 

+ 43 

+ 50 

-190 

-157 

7/6 81 

3:45 

1(H) 

UK) 

+ 25 

+ 50 

-185 

-154 

7 6 81 

4:05 

80 

80 

+ 34 

+ 57 

-132 

-102 

7/6/81 

4:10 

80 

80 

+ 39 

+ 55 

-129 

-101 

7/6/81 

4:25 

60 

60 

+ 44 

+ 43 

-83 

-63 

7/6/81 

4:30 

60 

60 

+ 38 

+ 48 

-83 

-60 

7/6/81 

4:40 

40 

40 

+ 17 

+ 27 

-49 

-36 

7/6,81 

4 45 

40 

40 

+ 32 

+ 23 

-38 

-35 

7/7/81 

8:50 

20 

20 

-23 

-45 

— n 
*•*» 

-26 

7/7,81 

9:20* 

20 

20 

+ 04 

+ 04 

+ 03 

+ 02 

7/7/81 

9:37 

0 

0 

-56 

-54 

-05 

-15 

7 7, 81 

Q 42 

0 

0 

-60 

-67 

-06 

-15 

7 '7/81 

‘>48 

20 

20 

+ 08 

+ 06 

+ 22 

+ 07 

7/7, 81 

9:55 

20 

20 

+ 11 

+ 11 

+ 10 

+ 10 

7/7/81 

10(H) 

IT 

">-> 

mm* 

+ 12 

+ 24 

+ 07 

+ 08 

•Channel* re zeroed 







Notes (1) Strain t{anr information 






Item 

Silicon 


Class 



Gage type 
Sec 1 n.nje factor 
Sec 2 naite factor 

W K -03- 250TM - 350 
1 96 it’han 5) 

1 88 (Chan 6) 

WK-06-250TM-350 
2.02 (Chan 7) 

1.93 (Chan 8) 

(2) Indicated <u«e factor “ 1 96 





i ') Test performed bv J Pimentel. R 

Huebschen, and 1) Gillaspv 



H 2A 



TABLE B-17 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-6 NORMAL TEST 


i r 

Date 


Tempe 


Strain, pinch/inch 


niturr, °C- 

Silicon 

L 

Aluminum 

rime 

Silicon 

Aluminum 

Ch. 1 

Ch. 2 1 

Ch. 3 

Ch. 4 

i ' -- ■ 

7 H 81 

2:25 

11 

mm 

4-0003 

— 0002 

— 0002 

— 0003 

7 8 81 

2 40 

40 

40 

4-48 

4-50 

4-67 

4-49 

7 H HI 

2:45 

41 

41 

4-40 

4-35 

4- 62 

4-46 

7 H HI 

3:00 

62 

62 

%-44 

4-56 

4-105 

4-66 

7 H HI 

3.10 

02 

62 

4-33 

4-56 

4-99 

4-58 

7 H HI 

330 

HO 

80 

4-23 

4-52 

4-123 

4-67 

7 H HI 

3:43 

80 

80 

4-24 

4-57 

-M19 

4-65 

7 H HI 

4:00 

100 

UK) 

4-10 

4-50 

4-136 

4-70 

7 H HI 

4 IH 

100 

qq 

4-09 

4-54 

4-139 

4-75 

7 H HI 

4 45 

80 

80 

4-23 

4-58 

4-128 

4-72 

7 9 HI 

8:40 

80 

80 

4-23 

4-55 

4-131 

4-69 

7 9 81 

qoo 

60 

(>0 

4-18 

4-34 

4-98 

4-63 

7 1 HI 

q 15 

60 

60 

4- 18 

4-33 

4-91 

4-50 

7 0 HI 

9:40 

40 

40 

4-02 

-03 

4-61 

4-21 

7 q hi 

q 45 

40 

40 

4-09 

4-08 

4-51 

4-22 

7 q Hi 

10:05 

20 

20 

-15 

-35 

4-04 

-19 

7 q hi 

10:10* 

20 

20 

-08 

-36 

4-05 

-19 

7 q hi 

1 1 03 

0 

0 

-90 

-110 

-105 

-80 

7 q hi 

11:15 

0 

0 

- 105 

-110 

-104 

-103 

7 q hi 

11:35 

-20 

-20 

-204 

-192 

-**26 

-211 

7 q hi 

l 1 44 

-20 

-20 

- 186 

-192 

— *’27 

-183 

7 q hi 

12:05 

-40 

-40 

-411 

- 369 

-434 

-386 

7 q hi 

12:12 

-40 

-40 

- 406 

-370 

— 436 

- 386 

| 7 q hi 

12:35 

-20 

-20 

-202 

— 215 

- 239 

-202 


(Continual next p.mr) 
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TABLE B-1 7. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-6 NORMAL TEST (Concluded) 


Date 

Time 

Temperature, °C 

Strain, *unch/inch 

Silicon 

Aluminum 

Silicon 

— 

Aluminum 

Ch. 1 

Ch. 2 

Ch. 3 


7/9/81 

12:42 

-20 

-20 

-196 

-200 

-229 

-199 

7/9/81 

12:48 

0 

0 

— 10S 


-114 

-104 

7/9/81 

1 :0$ 

0 

0 

-104 

i.an 

-113 

-104 

7/9/81 

1:21 

4-20 

4-20 

-108 

-140 

-01 


7/9/81 

1:40 

4-20 

4-20 

-03 

-19 



7 9/81 

i i 

2:10 

4-23 

4-23 


-17 

Ka 

-06 


Note* (1) Strain «.n{r informatior 
Item 


Silicon 


C'.aur type 

Set I (ianf factor 

See 2 iwi{f factor 


WK-03 250TM-J30 
I 96 iChan I ) 

I 88 (Chan 2) 


Aluminum 

WK-I J-250TM-3S0 
2 17 (Chan 3) 

2 02 (Chan 4) 


(2) Indicated «a«r factor " I 

(3) T«i performed by J Pimentel. R Huebschen. and D Gtllaspv 
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B -18. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-7 NORMAL TEST 


Temperature, °C 


Silicon Aluminum 


2:45 

3:00 

3:10 

m 

3:45 

4:10 

4:25 

4:50 

8:42 

9:03 

or 

9 45 
9 45 
10:12 
10 : 20 * 
1 1 04 
11:15 
11:35 
11:45 
12:05 
12:12 
12:35 


Strain, tunch/tach 

Silicon 

Aluminum 

Ch. 5 

Ch. 6 


Ch. 8 

+ 0002 

-0001 

+ 0001 

— 0003 

+ 36 

+ 69 

+ 58 

+ 42 

+ 29 

+ 53 

+ 63 

+ 36 

+ so 

+ 85 

+ 107 

+ 56 

+ 27 

+ 78 

+ 92 

+ 49 

+ 26 

+ 99 

+ 121 

+ 57 

+ 25 

+ 97 

+ 120 

+ 57 

+ 12 

+ 101 

+ 143 

+ 60 

+ 08 

+ 103 

+ 153 

+ 61 

+ 18 

+ 91 

+ 131 

+ 63 

+ 21 

+ 91 

+ 127 

+ 57 

+ 12 

+ 57 

+ 93 

+ 39 

+ 22 

+ 59 

+ 92 

+ 42 

+ 04 

+ 21 

+ 51 

+ 15 

+ 03 

+ 25 

+ 48 

+ 26 

-21 

-28 

-17 

-21 

-18 

-17 

-14 

-17 

-76 

-89 

-107 

-90 

-84 

-100 

— 100 

-86 

-154 

-189 

-197 

-155 

-163 

-186 

- 199 

-179 

-260 

-300 

-342 

-291 

-266 

-302 

-344 

-295 

-156 

- 187 

-213 

-170 


(Continued next pane' 
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TABLE B-18. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-7 NORMAL TEST (Concluded) 


Dale 

Time 

Temperature, # C 

Strain, Minch/inch 

Silicon 

Aluminum 

Silicon 

Aluminum 

Ch. 5 

Ch. 6 

Ch. 7 

Ch. 8 

7/9/81 

12:43 

-20 

-20 

-150 

-185 

-207 

-158 

7/9/81 

12:48 

0 

0 

-84 

-98 

-120 

-104 

7/9/81 

1:05 

0 

0 

-85 

-97 

-106 

-87 

7/9/81 

1:22 

+ 20 

+ 20 

-18 

-11 

-17 

-230 

7/9/81 

1:40 

+ 20 

+ 20 

00 

sa 

-13 

-06 

7/9/81 

2:10 

+ 23 

+ 23 

+ 06 

Q 

+07 

-06 


9 V — - 

Notes (I) Strain gage information 
Item 


Silicon 


Gage type 
See. I teaser factor 
See 2 gage I actor 


WK-03-250TM-330 
I *6 Chan S) 

1 88 (Chan 6) 


Aluminum 

WK-13-250TM-350 
2 17 (Chan 7) 

2.02 (Chan 8) 


(2) Indicated gage factor “ 1.90 

(3) Test performed uy J Pimentel. R Huebschen, and D Gillaspy 
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TABLE B- 19. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-8 NORMAL TEST 


Date 

[ 

Tcmpe 


Strain, tiinch/inch 

rature, *C 

Silicon 

Steel 

Time 

Silicon 

Steel 

Ch. 9 

Ch. 10 | 

Ch. 11 

Ch. 12 

7 8 81 



mm 

0000 

0000 

0000 

4-0001 

7 8 81 



40 

4-55 

4-69 

4-58 

4-64 

7 8 81 

245 

41 

41 

4-44 

4-57 

4-51 

4-60 

7 8 81 


62 

62 

4*66 

4-89 

4-104 

4-103 

7 8 81 

3:10 

61 

61 

4-51 

4-70 

4-86 

4-9| 

7 8 81 

3:35 

80 

80 

4-59 

4-81 

4-121 

BO 

7,8 81 

34? 

80 

80 

4-62 

4-85 

4-121 

Wm 

7/ 8 81 

4:12 

100 

100 

4-62 

4-97 

4-145 

ESB3 

7/8 81 

4:30 

100 

too 

4-73 

4-98 

4-148 

4-159 

7/8 81 

4 50 

80 

80 

4-50 

4-76 

4-130 

4-142 

7/9 81 


80 

80 

4-50 

4-83 

4-117 

4-130 

7/9/81 

9:05 

60 

60 

4-15 

4-30 

4-77 

4-7g 

7/9 bl 


62 

62 

4-26 

4-35 

4-82 

4-84 

7/9 81 

9 45 

40 

40 

-10 

-18 

4-27 

4-37 

7/9 81 

9:30 

40 

40 

-05 

-13 

4-48 

4-35 

7/9/81 


20 

20 

-62 

-67 

-28 

-29 

7/9/81 

1020 

20 

20 

-60 

-62 

r i 

I 

-20 

7/9/81 


0 

0 

-170 

-180 

-146 

-145 

7/9/81 

11:18 

0 

0 

-150 

- 146 

-121 

-135 

7 9 81 

11:36 

-20 

-20 

-247 

-243 

-212 

-213 

7 9 81 

11:45 

-20 

-20 

-255 

-251 

-216 

-228 

7/9 81 

12:07 

-40 

-40 

— ^96 

-368 

-366 

-360 

7 9/81 

12:14 

- 40 

-40 

-410 

-370 

-381 

-377 

7/9/81 

12:36 

-20 

-20 

-253 

-253 

-229 

-229 

7/9/81 

12:44 

-20 

-20 

-254 

-254 

-224 

-225 

7/9/81 

12:49 

0 

0 

-145 

-152 

-130 

-130 


(Continued next page) 
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TABLE B-19 THERMAL STRUCTURAI TEST OATA FOR 
COUPON TSC-8 NORMAL TEST (Concluded) 



• Changed temperature recorders 


•• Drop of condensation fell from chamber ceiling onto Channel 10 leads Thu 

caused erroneous readings for Chan-* 1 10 
Notes: (1) Strain gage information 


Item Silicon 

Steel 

Gage type WK-03-250TM-3S0 

WK-06-2S0TM-350 

Sec 1 gage factor 1 96 (Chan 9) 

1 99 (Chan II) 

Sec 2 gage factor 1 88 (Chan. 10) 

1 89 (Chan 12) 

(2) Indicated gage factor ™ 1.99 


(3) Test performed by J Pimentel. R Huebschen. and D Gillsspv 
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TABLE B 20 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-9 NORMAL TEST 


t 1 


Tempei 


— 

Strain, Minch/inch 

Date 


rature, *C 

r 

Silicon 

Steel 

■ ■ mm 

Time 


■SHI 

Ch . 1 

Ch . 2 

Ch . 3 

Ch . 4 

7 / 7/81 

230 * 

25 

25 

+05 

-05 

cai 


7/7 '81 

240 

44 

44 

+ 50 

+ 29 

+ 55 

+ 65 

7/781 

2:50 

42 

42 


+ 24 

+ 48 

+ 49 

7 , 7/81 

2:55 

62 

62 

ca 

+ 51 

+92 

+ 104 

7 / 7/81 

3:00 

60 

60 

+ 35 

+ 49 

+ 80 

+ 90 

7 / 7/81 

3:25 

80 

80 

+ 29 

+ 48 

+ 114 

+ 128 

7 / 7/81 

3:35 

80 

80 

+ 28 

+ 43 

+ 120 

+ 132 

7 / 7/81 

400 

100 

100 

+ 18 

+ 53 

+ 137 

+ 165 

7 / 7/81 

405 

100 

100 

+ 15 

+ 49 

+ 139 

+ 165 

7 / 7/81 

4:15 

80 

80 

+ 32 

+ 43 

+ 117 

+ 137 

7 / 7/81 

4:24 

81 

81 

+ 27 

+ 45 

+ 123 

+ 133 

7 / 7/81 

4:34 

60 

60 

+ 15 

+ 17 

+ 80 

+96 

7 / 7/81 

4:40 

61 

61 

+ 20 

+ 18 

+ 82 

+ 96 

7 / 7/81 

4:45 

40 

40 

+07 

-17 

+ 36 

+ 47 

7 / 8/81 

8 : 1 5 ** 

25 

25 

+06 

-20 

-01 

+ 01 

7 / 8/81 


26 

26 

+05 

— yy 

-03 

+02 

7 / 8/81 


-1 

-1 

-62 

-115 

-108 

-119 

7 / 8/81 

9 40 

-1 

-1 

-65 

-121 

-115 

-120 

7 / 8/81 

10:08 

-20 

-20 

-152 

-203 

-214 

-237 

7 8 81 

B _ m' 

-20 

-20 

-160 

-215 

-220 

-233 

7 / 8/81 


-40 

-40 

-255 

-322 

-333 

-354 

7 8 81 


-40 

-40 

-269 

-333 

-346 

-374 

7/8 81 


-20 

-20 

-147 

-202 

-209 

-228 

7 / 8/81 

11:10 

-20 

-20 

-139 

-192 

-196 

-214 

7 881 

IDES 

— 2 

— 5 

4* 

-66 

-121 

-112 

-121 

7 ' 8/81 

11:25 

0 

0 

-62 

-109 

-104 

-120 


(Continued next pat<e) 
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TABLE B-20 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC 9 NORMAL TEST (Concluded) 






Strain, Minch/inch 



Temperature, *C 

Silicon 

Steel 

Dale 

Time 



Ck. 1 

Ck. 2 

Ck. 3 

Ck. 4 

7 8 81 

II 40 

+ 20 

+ 20 

-08 

-40 

-36 

-45 

7 8/81 

II 45 

+ 20 

+ 20 

-09 

-39 

-31 

-41 

7 8 81 

12 00 

+ 19 

+ 19 

-06 

-38 

-33 

-43 


* 3508 Calibration thrill 
•• 3509 Calibration check 
Note* (I) Strain gage information 


Item Silicon Steel 

Gage .ype WK-03-250TM-350 WK-06-250TM 350 

Sec. I gage (actor I 96 (Chan I) 2 02 (Chan. 3) 

Sec 2 Mac (actor I 88 (Chan 2) I 93 (Chan 4) 


(2) Indicated Mgr (actor " I 99 

(3) Ten performed by J Pimentel. R Huebnhen, and D Gillaipy 
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TABLE B-21 . THERMAL / STRUCTURAL TEST DATA FOR 
COUPON T SC-10 NORMAL TEST (Concluded) 



■* 8/81 1 MS +20 + 20 -12 - 31 -30 -<>4 

/ 8 81 1 2:00 +1<> +|9 -12 -30 -32 -47 

' I I 

• 3 SO® l '.alibi .mon cfictk 

Note* (11 Sir Jin naur information 

Item Silicon Steel 

Gage type WK-03-2SOTM-3SO WK-06-?S0TM-350 

Set I naur lactor I 9o il'.han S) 2.02 (Cltan 7) 

Set 2 gagr factor 1 88 (Chan 6) I 93 (Chan 8) 

Note* (2) Indicated ijagc factor “ I 9*> 

(J) Ten performed bv J 1’imrntrl. R Huebachen, and I) Gillaspv 










TABLE B-22. THERMAL/STRUCTURAL TEST DATA FOR 
COUPON TSC-11 NORMAL TEST 


7 n si 

7 7 81 
7 7 81 
7 7/81 
7/7/81 
7/7 81 
7 7/81 
7/7 81 
7/7/81 
7 7/81 
7 7 81 
7 7/81 
7 7/81 
7/7/81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 
7 8 81 


Sir in, Minch /inch 


Temperature, # C Silicon Steel 


Time j Silicon j Steel Ch. 9 

Ch. 10 

Ch. 11 

Ch. 12 

1 

K1 

25 

-04 

-03 

-01 




44 

+ 32 

+ 27 

+ 49 


2: SO 

u 

42 

+ 20 

+ 26 

+ 39 


2 :SS 


62 

+ 25 

+ 52 

+ 90 


3:00 

60 

60 

+ 20 

+ 36 

+ 78 


3:2 S 

80 

80 

+ 8 

+ 41 

+ 113 

+ 114 

3:35 

80 

80 

+ 9 

+ 53 

+ 120 

+ 126 

4 IX ) 

102 

102 

-3 

+ 47 

+ lot 

+ 161 

4 05 

102 

102 

-05 

+ 55 

+ 152 

+ 150 

4:15 

82 

82 

+ 20 

+ 48 

+ 122 

+ 128 

4 24 

82 

82 

+ 07 

+ 51 

+ 126 

+ 130 

4:34 

63 

63 

0 

+ 33 

+ 89 

+ 80 

4:40 

62 

62 

+ 14 

+ 35 

+ 91 

+ 85 

4 45 

42 

42 

-03 

-01 

+ 40 

+ 49 

8 15" 

25 

25 

-08 

-09 

-06 

-08 

9:10 

26 

26 

-08 

-18 

-02 

-10 

9:30 

-1 

-1 

-93 

-94 

-119 

-125 

9:40 

-l 

-l 

- 108 

-118 

-132 

-136 

10:08 

-20 

-20 

-264 

-267 

-257 

-265 

10:20 

-20 

-20 

-281 

-291 

-278 

-285 

10:35 

-40 

-40 

-450 

-457 

-434 

-437 

10:40 

-40 

-40 

— 463 

-4(8) 

-427 

-435 

10:50 

-20 

-20 

-254 

-259 

-254 

-260 

11:10 

-19 

-19 

-237 

-249 

-239 

-253 

11:20 

— i 

1 

-104 

-120 

-133 

-135 

11:25 

0 

0 

-64 

-108 

-125 

-130 

11 40 

4- 20 

+ 20 

-29 

-34 

-39 

-38 
















TABLE B-22. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-11 NORMAL TEST (Concluded) 


Strain, »unch/inch 


Temperature, # C 


Silicon 





Ch. 9 

Ch. io 

Ch. 11 

Ch. 12 

+ 20 

+ 20 

-25 

-27 

-28 

-30 

+ 19 

+ 19 

-14 

-22 

-28 

-33 


• 3508 Calibration check 


•• 3509 Calibration check 


Notes (1) Strain gage information 


hern Silicon 

Steel 

Cage type WK-03-250TM-350 

WK-06-250TM-350 

Sec. 1 gage factor 1.96 (Chan. 9) 

2.02 (Chan 11) 

Sec 2 gage factor 1 88 (Chan 10) 

1.93 (Chan 12) 

(2) Indicated gage factor “ 1 99 


(3) Test performed by J Pimentel, R Huebschen. and D Gillaspv 
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TABLE B 23 THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC 12 NORMAL TEST 



* Kf/rnt 

N«<ir\ O' Strain CKr tnlornutton 


Siluon 


Liaur t\ |*c 

''ft 1 nat^r factor 

So 2 j.itir lartor 


Wk 01-250TM 'so 
: 96 ( It. in 9 1 
1 88 (I'han 101 


WK 06 !50TM 150 
1 09 iChan 11' 

1 86 (Chan 12' 


1 2' I min ami <a«r I actor * l 

( " 'Test iHTlornifti In | I’tmrntel, K Hurlunhrn. and l' Oillaspx 















TABLE d-24 THERMAL STRUCTURAL TEST wATA EOR 
COUPON TSC-1 OVERSTRESS TEST 


Slniiti, M>nc h/ inch 


Trmprrature, “C 


Silicun 


Glau 


Time Silicon 


Ch. 1 Ch. 2 i Ch. 3 


7 13/81 
7/13 81 
7 13/81 
7/13/81 
7/13/81 
7/13/81 
7 13/81 
7/13/81 
7/13/81 
7/13/81 
7/13/81 
7/13/81 
7/13/81 
7/13/81 


Ch. 4 


— 03 



Notes (1) Strain gage information 


Item Silicon 

Glass 

Gage tv|>e WK-03 -2S0TM- 330 

W K -06- 2 SOTM - 3 SO 

Sec 1 gage factor 1 % (Chan 11 

1 00 (Chan 3) 

Sec 2 gage factor 1 88 (Chan. 2) 

1 80 (Chan 41 

(21 Indicated gage factor “ 1 00 


(31 Test performed bv J Pimentel. R lluebscher.. and l) Gillaspv 
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-107 

-158 

-57: 

-5o3 

-154 

-153 

-10 



— 138 
-133 
-30 
-20 
-53 
-4‘> 
-270 
— 2(*0 

-57 

-04 


Notes (11 

Strain n.utr information 



Item 

Silicon 

(•lass 


l i.i<r t\j>r 

\VK 03-2S0TM.n0 

\VK Ot. 250TM -350 


See 1 t(.t<r factor 

1 *><. (Chan S) 

2 02 (Chan 71 


Set 2 tune factot 

l 88 (Chan. Ol 

1 93 (Chan 81 

(2) 

Indicated it.titr | actor 

— 1 


(3) 

Test |>erfi>rmeti In J 

Pimentel. K lluebschen. and P (tillasps 
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TABLE B-28. THERMAL STRUCTURAL TEST DATA FOR 
COUPON TSC-3 OVERSTRESS TEST 



7 13 81 9:30 24 


7/13/81 9.50 60 

7/13/81 9:57 60 

7/13/81 10:30 120 

7/13/81 1040 120 


7/13/81 11:20 62 

7/13/81 11:30 6U 

7/13/81 12:15 0 

7 13 81 12:25 0 



7/13/81 12:40 - 60 - 60 - 350 - 420 - 200 - 220 

7 13 81 12:45 -60 -60 -351 -430 -208 -228 


7/13/81 1:05 0 0 -61 -95 -21 -26 

7/13/81 1:15 0 0 -67 -97 -20 -23 


7/13/81 1:35 24 24 -03 -08 4-05 4-11 

Notes (1) Strain (age information 

Item Silicon Clan 

Gage type WK-03-250TM-350 WK-06-250TM-350 

Sec. I gage factor 1 96 (Chan 9) 2.02 (Chan. II) 

Sec. 2 gage factor 1 88 (Chan 10) 1.93 (Chan 12) 


(2) Indicated gage factor “ 1.99 

(3) Test performed by J Pimentel. R Huebschen, and D Gillaspy 











B 4 S TRUC TURAL DEFLEC TION TES T DA TA 


Raw data for the structural deflection test consists of: (a) total load on the module versus 
structural member deflection at the center, mid-diagonal, and center cell locations, and (b) strain 
in both structural member and cell at the central, mid-diagonal, and comer cell locations Results 
from the overstress tests are included in these data The load versus deflection data for the center 
cell position are shown in Figures B-l through B-14 The decreasing- load versus deflection 
curves were intentionally displaced honzontally from the increasing-load versus deflection 
curves. The strain data are summarized in Table B-28 through B-41. 

The time span for these tests is summarized in Table B-27. 



o 020 040 o.oo ooo too 

OE F LECTION. INCH 


Figure B-1 Module SOM-1 load versus deflection data (glass side up) for 
normal (0-* 50 -*0 psf) test 


'cf'poor 


B- 4 1 




ORIGINAL PAQE IS 
OF POOR QUALITY 





ORIftfNAL PAGr fS 
OF POOR QUALITY 



0 0 200 0 400 0 600 0 600 


OCFL6CTION, INCH 

igure B 4 Modulo SOM -3 load versus deflection data (glass side up) to» 
normal (0-*50-*0 psf) test 


H 4 ^ 









r r 



ACTUAL LOAD. LI 


ORIGINAL PA ;f 'y 
OF POOR QUALITY 



Figure B 8 Module SOM -6 loed vereui deflection dete Ibere wood side down) for 

normel (0-»60-*0 psfl test 
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ORIGINAL PA ,, i'i 
OF POOR O’JALITY 



f-Njme B 9 Module SUM 6 load vers us deflection data (bare wood s«te down) for oversWtsss (O » 1 OO • O {»tl test 





















ORIGINAL PAG£ IS 
OF POOR QUALITY 



0 0 200 0 400 0 000 0 800 

OE FLECTION, INCH 


Figure 8-10 Module SOM -7 load versus 
deflection data (ribbed side down, ribs unta- 
pered and rib ends are unsupported) for normal 
(0 -»50 -*0 psf) test. 


Figure 8-11. Module SOM-7 load 
versus deflection data (ribbed side 
down, rib ends tapered and unsup- 
ported) for normal (0-*50 *0 psf) 

test 



DEELECTION, INCH 



0 0 200 0 400 0 600 0 800 


OE F LECTION INCH 


Figure B - 1 2 . Module SDM-8 load versus 
deflection data (bare steel side down) for normal 
(0 -»50 -*0 psf) test. 
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TABLE B^’. TIME LINE FOR STRUCTURAL DEFLECTION TEST 


Date 

Module No. 

('ommrnli' 

17 July 1981 

SDM-2 

Normal test— glass side up 

20 July 1*181 

SDM-2 

Normal test — 8 lass side down 

20 July 1981 

SDM-l 

Normal test — glass sidr up 

21 July l*>81 

SDM-3 

Normal irsl — glass sidr up 

22 July 1981 

SDM-4 

Normal trsl — glass sidr up 

22 July 1981 

SDM-5 

Normal trsi — barr wood sidr down 

23 July 1981 

SDM-6 

Normal trsi— barr wood sidr down 

24 July 1981 

SDM-7 

Normal trst— ribbrd sidr down (failure) 

27 July 1981 

SDM-8 

Normal trst— barr strrl sidr down 

28 July 1981 

SPM-9 

Normal trst — supported rib sidr down 

29 July 1981 

SDM-8 

Ovrrstrrss trst— barr strrl sidr down 

30 July 1981 

SDM-7 

Normal trst— taprrrd, unsupportrd nb 
sidr down (failurr) 

30 July 1981 

SDM-6 

Overstress trst — barr wood sidr down 

31 July 1981 

SDM 3 

v)vrrstrrss trst — glass sidr up 

•Normal imi cvtir 

<)-»S0-»0 |»i in 10 |» «irp» 

( Krr»irr»i imi ryrlr 0-»l00 »0 |»l in '(> [«tl urpt 


























































































TABLE B-30. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM- 2 (GLASS SIDE DOWN) NORMAL TEST 

Cell Strain, n inch/inch Glass Strain, V incb/inch | V ertical P<m 


ORIGINAL PAGE IS 
OF POOR QUALITY 


ad » i 8 .« r| e>i \r\ 

** 8 »5 a! ri d 

d £ W'l O' <N T, 

,) *J1 ° ® o o 


lA O M . Ift 4 1 12 

f* ^ 2 !! 2 w 2 

«f iA ^ O' 

© d cS d o o o 



£ | m £ 

*§s j 

* jf* 
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TABLE B— 31. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM-3 (GLASS SIDE UP) NORMAL TEST 


ORIGINAL PAGE IS 
OF POOR QUALITY 


'1 6 13 n n 

>a to 

.6 0 0 00 


~ g oi -* vo r) k 

ffi 3 8 S 9 Pt S 

o o' d o' d d © o 


Isssssssisss 

o o o' o d o' o' d d d o o' 


R R <5 8 3 R 



. K a 

|| i 
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TABLE B— 32. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM— 4 (GLASS SIDE UP} NORMAL TEST 
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TABLE B— 33. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM-5 [WOOD SIDE DOWN} NORMAL TEST 
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TABLE B— 37. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM-9 (RIBBED WOOD SIDE DOWN) NORMAL TEST 
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TABLE B-38. STRAIN AND VERTICAL DEFLECTION DATA FOR MOOUL 
SOM— 7 {TAPERED RIBS. RIBBED WOOD SIDE DOWN) NORMAL TEST 
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TABLE B-39. STRAIN AND VERTICAL DEFLECTION DATA FOR 
SDM-8 (STEEL SIDE UP) OVERSTRESS TES ' 



































































































TABLE B— 40 STRAIN AND VERTICAL DEFLECTION DATA FOR MODULE 
SDM-6 (BARE WOOD SIDE DOWN] OVERSTRESS TEST 






























































































































0.5 THERMAL TEST DATA 

Raw data for the thermal test consist of temperatures measured in the modules, in the test 
apparatus, and at different locations in the chamber, center cell output voltage and current (when 
the modules were used to generate electric power), and millivolt readings on the radiometers. 
These data are summarized in Tables B-43 and B-44. Locations where the incident radiant 
energy flux was measured are shown in Figure B-15. 

The time span for this Lest is summarized in Table B-42. 


TABLE B— 42. TIME LINE FOR THERMAL TEST 


Test No. 

Date 

Time at Steady-State 

1 

8/20/81 

12:09 

2 

8/20/81 

14:09 

3 

8/21/81 

9:t8 

4 

8/21/81 

9:36 

5 

8/21/81 

11:35 

6 

8/21/81 

12:37 

7 

8/21/81 

14:04 

8 

8/21/81 

14:29 

9 

9/14/81 

10:27 

10 

9/14/81 

12:45 
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Fioure B-15. Mmurmwit locations for radiant anargy flux (dimansions in inchas). 
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